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ABSTRACT
Gangliosides have been measured in three parts of the brain 
(forebrain, cerebellum and brainstem) in three species namely man, the 
pig and the rat at different stages of normal development. Sub fractionation 
of gangliosides .into the four major types was carried out in each brain 
part by thin-layer chromatography. DNA content was studied as a measure 
of cellularity.
Samples of the three brain parts from malnourished children 
were studied. Brain parts from pigs undernourished prenatally (runts) 
and pigs malnourished postnatally (protein deficient or calorie deficient) 
and also from animals rehabilitated for different periods of time were 
included in this study. The brain of rats undernourished postnatally 
and of the offspring of rats reared from weaning on a moderately low 
protein diet and also those of the offspring of rats which were on a 
low protein diet during gestation and lactation were used in this 
investigation.
The studies of the ganglioside content of the three parts of the 
brain of normal pigs and rats showed that there are differences in the 
pattern of development in each part. In the development curve for the 
forebrain, there were two peaks in both species. However, there was an 
overall similarity in the pattern for each of the brain parts in these two 
species. The large difference was in the timing of the first peak in the
curve for the forebrain. In all three species, the principal 
ganglioside in the forebrain was a disialoganglioside, G^, and that in 
the cerebellum was • the trisialoganglioside, G^ .
The ganglioside content was found to be low for the chronological 
age in all three parts of the brain of the malnourished children and 
animals; the value was particularly low for weight in the forebrain of 
malnourished children, the cerebellum of the undernourished pigs and the 
brainstem of the severely malnourished rats. Incorporation of ll*C- 
glucosamine into the brain gangliosides of the severely malnourished rats, 
in vivo, resulted in a low total activity compared to the controls. The 
G^ ganglioside, which normally accounts for the largest proportion of the 
major gangliosides in the forebrain, was proportionally reduced 
considerably in the forebrain of malnourished children. Rehabilitation 
for different periods of time did not particularly correct the 
ganglioside content of the cerebellum in the undernourished pigs.
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CHAPTER 1
I N T R O D U C T I O
Recorded history shows that there has never been enough food 
in the world for the population. Advances in food technology have 
helped towards an increase in the food supply only.in relatively recent 
years. There are millions of people who are peraianently underfed and 
suffer from different types of malnutrition. The various clinical 
syndromes of severe malnutrition in children have been given different 
names over the years. Classically, kwashiorkor is caused by a shortage 
of protein in a diet which provides adequate or even excess calories, 
whereas marasmus results from a prolonged deficit of calories and protein 
in the diet (Dickerson, 1970); however, the term Protein-Calorie 
Malnutrition was suggested by the World Health Organization in 1965 
for the whole spectrum of conditions ranging from marasmus to kwashiorkor.
In an attempt to rationalize the description of cases of Protein- 
Calorie Malnutrition an international working-party in Jamaica, sponsored 
by the Wellcome Trust Foundation (Lancet editorial Aug. 8, 1970) agreed 
that the term marasmus should be applied to children who were less than 
601 of the expected body weight for age, based on the 50th. percentile 
of the Boston Standards (Nelson, 1959), and had no oedema. The term
kwashiorkor would apply to those children who had oedema and were between 
601 and 80% of the expected weight for age; whereas the diagnosis
of marasmic kwashiorkor would be applied to those who were less than 
60% of the expected weight for age but had oedema.
Throughout this thesis the term protein deficiency will be used 
where the diet is predominantly low in protein and the term calorie 
deficiency (undernutrition) will be used where the predominant deficiency 
is one of total calories. The term malnutrition has been used for 
conditions that have resulted from a diet which was inadequate in 
quality, quantity or both.
Clinical observations have provided much evidence (Platt, 1961) 
to suggest that severe malnutrition may be associated with disorders in 
the central nervous system (CNS). Full-term babies with birth weights 
below 2.5 kg and especially those weighing less than 2 kg can be 
intellectually affected permanently (Wiener, Rider, Oppel, Fischer &
Harper, 1965; Singer, Westphal & Niswander, 1968). Scarr (1969), 
studying the effect of birth weight on the later intelligence of the 
twins, reported a lower intelligence quotient for the lighter co-twins.
The intelligence of malnourished children has been reported to be lower 
than that of their more adequately nourished controls (Cravioto, De Licardie 
& Birch, 1966; Stoch & Smythe, 1967; Birch & Gussow, 1970). Early in 
life, malnutrition is known to retard the normal growth and development 
of the brain (Dobbing, 1964; Dobbing & Widdowson, 1965; Dickerson &
Walmsley, 1967; Platt & Stewart, 1968, 1969). This may be attributed to 
the fact that the brain grows rapidly at an early age and this period of 
rapid growth constitutes a critical and vulnerable period (Davison &
Dobbing, 1966). Measurements of head circumference and brain weight 
have shown that malnourished children have smaller brains for their 
chronological age (Brown, 1966). Mental apathy has been reported to be 
a constant feature of protein malnutrition (Clark, 1951; Trowell, Davies 
& Dean, 1954; Platt, 1961). Cravioto & Robles (1965) found that recovery 
from kwashiorkor, in children under 6 months of age, did not improve their 
mental age.
Similar results have been obtained from animal studies (mainly 
from rats) measuring their behaviour and learning abilities (Barnes,
Cunnold, Zimmerman, Simmons, Mac Leod & Krook, 1966; Cowley & Griesel,
1966; Caldwell & Churchill, 1967; Simonson & Chow, 1970; Simonson,
Stephan, Hanson & Chow, 1971).
The changes in learning ability and behaviour are manifestations of 
a biochemical disturbance. One of the most familiar biochemical facts about 
the nervous system is the outstanding dependence upon the oxidation of 
glucose for energy (Sinclair, 1961). The nutrition of the nerve cells may 
be defective if there is a deficient supply of a nutrient or excess of a 
toxic substance. A number of chemical changes due to malnutrition have 
been shown in the brain (Dickerson, Dobbing & Me Cance, 1967). In animals, 
restricted feeding during gestation and suckling leads to serious 
permanent defects in the offspring (Cowley & Griesel, 1959, 1966; Chow, 
Blackwell, Hou, Anilane & Sherwin, 1968). Dickerson (1968a) summarized 
the evidence for the effect of undernutrition early in postnatal life on
the lipid content of the CNS in rats and pigs. In the pig the lower 
lipid content of the brain, resulting from undernutrition was not fully 
corrected on refeeding. Although the synthesis of lipids, associated 
with myelin, was most affected by undernutrition, in children of 2 to 
22 months old, the failure to produce normal amounts of these, lipids 
could be secondary to a failure to elaborate neural elements or to 
. increase oligodendrocytes (Fishman, Prensky & Dodge, 1969).
In the pig severe undernutrition from 2 weeks of age for' one 
year has been shown to result in-a depression of cell replication as 
measured by the absolute amount of deoxyribonucleic acid (DNA) which was 
. not fully corrected by rehabilitation. (Dickerson, Dobbing & Me Cance, 
1967). Winick & Rosso (1969), Winick (1970) and Winick, Rosso & 
Waterlow (1970) found a lower DNA content in the brains of children 
severely malnourished in the first year of life. As it is generally 
accepted that neuronal proliferation has ceased by the time of birth, 
the smaller amount of DNA in the brains of malnourished children and 
animals has been thought to be due to an impaired proliferation of glial 
■cells. Experiments in rats, undernourished after 21 days of age, does 
not lead to a smaller number of cells in the wholebrain compared to that 
of well-nourished controls of the same age (Winick & Noble, 1966; 
Dickerson & Walmsley, 1967), although Graystone & Cheek (1969) found a 
smaller number of cells in the cerebrum.
There are reports that postnatal neurogenesis occurs in some
brain structures 'of young rats (Sugita, 1918; Altman, 1963; Altman &
Das, 1965a). Altman & Das (1965b) reported that granule cells in the 
rat hippocampus proliferated up to 3 months of age. In further work,
Altman & Das (1966) studied the nerve cell proliferation, migration and 
transformation by autoradiographic methods in certain selected rat brain 
structures, with special reference to postnatal neurogenesis. These 
workers demonstrated that this phenomenon was restricted to short-axoned 
nerve cells (microneurons), and that the large-axoned nerve cells 
(macroneurons) of the brain were formed prenatally.
Culley & Mertz (1965) undernourished rats from 5 to 20 days after . 
birth, by leaving the litters with their mothers for only 3 to 6 hours a day, 
and controlling the body weights so that they did not exceed 20% to 25% of 
those of their well-nourished controls. They measured the lipid content 
of the chloroform:methanol extract of the brains of the rats, before and 
after washing with aqueous solution. In the process of washing, 
gangliosides, being also soluble in the aqueous solutions, were extracted 
from the crude lipid extract and the decreased total lipid content after 
washing was, therefore, accounted for by gangliosides. It can be 
concluded from their results, although they themselves did not comment 
upon it, that the amount of gangliosides in the brain of the undernourished 
animals was less than that in the control brains.
Dickerson & Jarvis (1970) studied the brains of the weanling 
offspring of rats undernourished from the 5th. day of gestation and
through lactation. They measured the ganglioside content of the 
brain parts (forebrain, cerebellum and brainstem) and reported that the 
gangliosides were low in all parts of the brains of the undernourished 
animals but particularly in the brainstem.
Gangliosides, a class of sphingoglycolipids localized primarily 
in neurons, have been extensively studied in a number of neurological 
disorders. Interesting abnormalities in the ganglioside content and 
patterns occur in Tay Sachs Disease (TSD), Infantile Amaurotic Idiocy and 
a few other conditions. Wolfe (1964) reported that chronic hypoxia or 
hypoglycemia led to a great loss of cerebral cortex neurons without a 
proportional loss in glial cells; under these conditions gangliosides 
were also reduced markedly.
The present knowledge about the precise function of gangliosides 
in the brain is far from clear. However, a number of workers have 
considered them to be involved in learning and behaviour at the molecular 
level. Ramon Y Cajal (1910), based on histological observations, 
concluded that there was an increase in the number of synapses during 
the process of learning and more recently, Griffith (1967) also suggested 
that synaptic areas and the number of synapses increased in the process of 
learning. The nerve endings are rich in gangliosides (Den & Kaufman, 1968; 
Derrey & Wolfe, 1968). Sarkisov (1964) suggested that the formation of 
higher nervous activity in children is determined by the degree of maturity 
of the cortex and the subcortical formation. Bogoch (1968) concluded that
the mucoids (of which gangliosides are one group) are involved in 
cell integrity functions and in the chemical coding of experiential 
information. He further suggested that the disturbance in these functions 
may be fundamental to, or associated with, disorders in the CNS 
activity as seen in behavioural disturbances. Irwin & Samson (1971) 
demonstrated that in the rat brain ganglioside metabolism is affected 
by behavioural stimulation and the proportional distribution of some of 
the ganglioside species is altered. Our understanding of the biochemical 
processes is still rudimentary, and it is not known how these chemical 
changes in the brain are related to the lower scores of intelligence and 
learning abilities performed by malnourished children and animals.
• A relationship has been demonstrated between learning and the 
metabolism of proteins and nucleic acids in the brain (Smith, 1970). One 
of the most effective ways of investigating this relationship has been 
the use of drugs, such as actinomycin D and puromycin, which prevent 
protein synthesis. All these drugs were found to have an effect on the 
learning ability of animals, although precise correlation of the neuro­
chemical effects with the psychological effects of these substances, is 
still not known. Kanfer & Richards (1967) reported that administration 
of these drugs also resulted in an 80% inhibition of ganglioside 
synthesis in the brain.
Administration of pituitary growth hormone to pregnant rats
produces hypertrophy of cortical neurons, and an expansion of proto­
plasmic processes in the young at birth (Clendinnen & Eayrs, 1961).
Zamenof (1941, 1942) reported that hyperplasia of the cerebral neurons 
occurred in young rats as a result of the administration of pituitary 
growth hormone. Improvement in intelligence was found in rats treated 
early with growth hormone (Warden, Ross & Zamenof, 1942; Clendinnen &
Eayrs, 1961). •
There is a widespread occurrence of gangliosides in nerve cells 
and there are no reports to indicate that neurons are the storage site 
for these compounds. The available information on the different 
important roles attributed to gangliosides (see the physiological function, 
Page 38 ) further support the suggestion that these.substances are 
significant constituents of the nerve cells and there remains little doubt 
about their involvement in the neuronal function. It seems equally logical 
to believe that gangliosides, with their particular pattern in each species, 
may be in some way involved in intelligence and behaviour.
There are few reports on the effect of malnutrition on the growth . 
and development of the nerve cells. Eayrs & Horn (1955), on the basis of 
histological studies, reported that the elaboration of the neuronal 
processes was impaired'in the rats undernourished during the first three 
weeks of life, by restricting the feeding time. Bass, Netsky & Young 
(1970) undernourished rats postnatally by increasing the number of pups 
in a litter to 12 with a restricted feeding time. From the histological
observations, they suggested that malnutrition retarded the rate of 
migration of glial cells into the cortex, and therefore the lower 
cellular population in the cortex of the undernourished rats was not 
solely the result of decreased cell proliferation. They reported a 25% 
reduction in the thickness of the cortex of the somatosensory area in the 
brain of the undernourished rats at 10 days of age and they correlated 
this with an arrested dendritic proliferation. They further found that 
the neuronal population was low in this region of the cortex in the 
undernourished rats. Results of the chemical studies obtained by these 
workers indicated a lower and delayed peak of ganglioside concentration 
in both grey and white matter. Also,-the decrease in the concentration 
of DNA after birth was much slower in the cortex of the. undernourished 
rats than the controls. These workers, analyzed samples of cortex and 
white matter and it is impossible from this study to obtain information 
about the effects of undernutrition on total ganglioside deposition. 
Furthermore, no part of the brain other than the forebrain was studied.
Attention has been given to the number of cells in the brains of 
malnourished children and animals as mentioned earlier, and these studies 
were generally based on the brain weight, measurement of some cell 
constituents such as the absolute amount of DNA, ribonucleic acid (RNA), 
proteins as well as the proportion of these cell components. In studying 
the effect of malnutrition on the neuronal population, measurement of 
constituents which are also found in the glial cells do not seem to be 
satisfactory indeces, due to the larger number of glial cells in the
brain which may be, equally if not more, affected by malnutrition and a 
further complication arises in the cerebellum in which polyploidy among 
the cells is believed to be a.common phenomenon (Chase,. Lindsley & O ’Brien, 
1969; Lentz & Lapham, 1969). Asimov (1965) and Smith (1970) reported 
the number of glial cells to be ten times the number of neurons. 
Approximately 100 billions of glial cells and 10 billions of neurons 
were reported to be present in human cerebrum (Smith, 1970).
It is well established that gangliosides are primarily neuronal 
lipids (see page 36 ) and they are particularly localized in dendritic 
membranes as well as in the synaptic connections (Heijlman, 1970). Derry 
& Wolfe (1967) found that the deposition of gangliosides occurred during 
development at a time corresponding to the period of active neuronal . 
increase and expansion of dendritic surface area.
With the exception of the studies quoted above, few studies of 
the effect of malnutrition on brain growth and development have included 
investigations of the effects on brain gangliosides. No studies could be 
found in which the investigations have involved more than one species.
In most, either the wholebrain, or a comparatively small part of it, have 
been studied. In none of the studies cited above is it possible to 
conpare the ganglioside content of brains of similar weight but from 
animals of different age in order to try to elucidate the relative 
importance of growth and age. Further, in none of the works cited has 
a direct comparison been made between the effects of a primary deficiency
of calories and one of protein in the same species. Evidence to date 
strongly suggests that the reduced replication of DNA in the brain by 
malnutrition is due to a reduced replication of glial cells. However, 
malnutrition from a very early age might conceivably reduce neuronal 
multiplication and a study of the correlation of ganglioside content 
with DNA content might enable information to be derived about this 
possibility.
The present investigations have been designed with the above - 
considerations in mind. The species used have been man, the pig and the 
rat. It seemed possible to regard the gangliosides as a measure of the 
nerve cell population and development in the same way that cholesterol 
has been used as a quantitative chemical index of myelin. Gangliosides 
have been measured in three brain parts (forebrain, cerebellum and 
brainstem) in control animals and the animals malnourished by different 
ways. Measurement of the four major gangliosides was carried out in 
order to find if any of the ganglioside species was affected more than 
the others. DNA was determined in the same brain parts and correlated with 
the ganglioside content. Incorporation of 1 -glucosamine into the 
■gangliosides in vivo has been studied to measure the rate of the 
synthesis of the major individual gangliosides in the brain parts.
Further, histological observations were attempted in the rat, aiming at 
the cellular integrity and neuronal arborization, to help towards 
elucidating any morphological changes brought about as a result of 
malnutrition.
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I. CHEMICAL COMPOSITION AND STRUCTURE
Gangliosides are a group of sphingoglycolipids containing 
sphingosine, a fatty acid and an oligosaccharide composed of glucose, 
galactose, N-acetyl galactosamine and sialic acids (Klenk & Gielen, 
1961a, 1961b). The heterogeneity of gangliosides was first ' 
demonstrated by Meltzer (1958). It is further believed that 
gangliosides are associated with polypeptides (Rosenberg, 1956;
Wolfe, 1962).
The different gangliosides vary in polarity, solubility, and 
reactivity towards other chemical conpounds (Suzuki, 1965a). The 
individual gangliosides differ in the number and position of both 
their monosaccharide and sialic acid moieties. Gangliosides containing 
one, two and three molecules of sialic acids per mole are called 
monosialo-, disialo- and trisiologangliosides respectively..
The dipolar property exhibited by gangliosides is attributed to 
their molecular structure. The hydrophobic part is an amide (ceramide) 
conposed of a long chain fatty acid and sphingosine. An oligosaccharide 
chain, with one or more molecules of sialic acid, makes the hydrophilic 
part which is attached to the terminal alcohol of sphingosine (Burton 
&.Howard, 1967). Monosaccharides are held together by glycosidic bonds 
in the oligosaccharide unit. Sialic acid is linked to two main 
positions, of galactose and Cg of another sialic acid via 
ketosidic bonds (Ledeen, 1966).
Most of the available literature suggests that gangliosides 
exist as small molecules or monomers in organic solvents with' 
molecular weights of 1000-2000 (Klenk & Gielen, 1960), 1500 (Albers.:
& Koval, 1962) or 3314 (Bogoch & Bogoch, 1959). In aqueous solutions 
they form large aggregates with molecular weights of 180,000-300,000 
(Rosenberg & Chargaff, 1958; Trams & Lauter, 1962; Carter, Johnson & 
Weber, 1965; Burton & Howard, 1967). Ganglioside aggregates in aqueous 
solutions are called micelles and these are formed above a critical 
concentration of 1 x 10-5M (Carter et.al., 1965; Burton & Howard, 1967). 
Fig 1.1 shows a model for a typical ganglioside molecule as well as the 
structural formula for the major monosialoganglioside.
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Fig 1.1 (a) Proposed spacial configuration model for a typical 
ganglioside molecule (Burton & Howard, 1967).
(b) Structural formula proposed for the major
monos ialoganglios ide.
A. Nomenclature.
The trivial name ganglioside was first chosen by Klehk (1942) 
due to their high concentration in ganglion cells. He first called 
these compounds substance X (1939) when he discovered them in the 
brain of patients with Niemann Pick disease. Folch, Arsove & Meath 
(1951) proposed.the term "Strandin’1 because when dried from aqueous 
solutions they form long strands that show perfect orientation under 
polarized light. Rosenberg (1956) used the name "mucolipids" for . 
sialic acid containing complex lipids, while he included two groups 
gangliosides and strandin. He also mentioned two groups of related 
Substances, globosides (mucolipids of human erythrocytes containing 
only hexosamine as the nitrogen-containing sugar) and hematosides 
(sialic acid containing mucolipids).
B. Sphingosines and fatty acids.
Among sphingolipids, C^q sphingosines are found only in brain 
gangliosides (Carter et al. 1965). They were found by Klenk (1942) 
in beef brain gangliosides and have been identified in gangliosides 
from several animal species (Sambasivarao & McCluer, 1963).
At birth the gangliosides of rat brain contain exclusively C^g 
sphingosine, and there is subsequent accumulation of C^q sphingosine 
until nearly equal quantities of the two types are present (Rosenberg 
& Stern, 1966). They also reported that the sphingosines in the 
human brain gangliosides follow the same pattern.
Klenk (1942) found that stearic acid was the major fatty acid 
in beef brain gangliosides (94%) and this was confirmed by others 
(Sambasivarao & McCluer, 1964; Penick &/McCluer, 1965; Avrova & 
Zabelineskii, 1971) to be 80% to 90% of the total fatty acids in the 
brain gangliosides. The 2-hydroxy fatty acids present in some other 
brain sphingolipids were not found in the brain gangliosides (Kishimoto 
& Radin, 1963). Outside the CNS gangliosides appear to have the longer 
chain fatty acid lignoceric acid (Ledeen, 1966). Arachidic and palmitic 
acids have also been found in human brain gangliosides (McCluer & Penick, 
1967).
C. Hexoses and sialic acids.
Glucose and galactose are the only hexoses in gangliosides, and 
D-galactosamine (acylated form) is the only hexosamine present in brain 
gangliosides (Trams.& Lauter, 1962).
Siflslic acid is the group name for acylated neuraminic acids. They 
are 2-keto-3-deoxy sugar acids and are products of aldol condensation 
between pyruvic acid and N-acyl-mannosamine (Comb & Roseman, 1960; 
Gottschalk, 1960a). Sialic acids are highly unstable towards acids and 
bases. Blix (1936) isolated these compounds and later Klenk (1941) called 
them neuraminic acids. The parent compound, neuraminic acid, has not yet 
been isolated. The proposed empirical formula for neuraminic acid is
C.io^ igNOg' and that for the N-acetyl derivative, N-acetylneuraminic acid 
(NANA), is with a molecular weight of 309 (Svennerholm, 1956a;
Comb & Roseman, 1960; Gottschalk, 1960a, 1960b). NANA predominantly 
occurs in the cyclic form (Saifer, 1964) as shorn in Fig 1.2.
H2C-0H
Fig 1.2 3-D (-) N-acetyl neuraminic acid (NANA)
In brain gangliosides NANA is believed to be the only sialic acid 
(Svennerholm, 1964), though other forms might be present in a very 
limited quantity (Ledeen, 1966). Svennerholm (1964) found that the 
gangliosides from equine erythrocyte contained exclusively N-glycolyl 
neuraminic acid (NGNA).
NANA can provide a chemical bridge between polypeptides (peptide 
bonds) and oligosaccharide units (glycosidic bonds) of the ganglioside 
molecules. The carboxylic group of NANA can also combine ionically 
with proteins (Wolfe, 1962).
II. MAJOR GANGLIOSIDES
Kuhn & Wiegandt (1961) first isolated and analysed the four 
major gangliosides (a monosialo-, two isomeric disialo- and a 
trisialoganglioside) from beef brain, and their presence were later 
confirmed in both beef and human brains. Wherrett & Cumings (1963) 
reported five major gangliosides in ox brain on the basis of thin layer 
chromatography. The major gangliosides account for more than 901 of 
tlie total brain gangliosides (Ledeen, 1966).
A uniform nomenclature for gangliosides has not been adopted by 
all authors. They are generally numbered or symbolized according to 
their order of chromatographic mobilities (Kuhn & Wiegandt, 1963; 
Svennerholm, 1963). Table 1.1 shows the word formulae for the major 
gangliosides from beef and human brains with the notations used by 
different authors.
There are ambiguities with regard to the structure of the major 
trisialoganglioside which arise mainly because of isolation and 
purification difficulties as well as analytical limitations. It is 
possible that more than one trisialo type is present in the major 
gangliosides (Ledeen, 1966).
Gal 
= 
Galactose, 
GalNac 
= 
N-acetyl 
galactosamine, 
Glu 
= 
Glucose, 
Cer 
= 
Ceramide, 
NANA 
= 
N-acetylneuraminic 
acid.
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III. MINOR GANGLIOSIDES
Minor gangliosides account for about 10% of the total 
gangliosides in the brain. There is considerable uncertainty with 
regard to the number and detailed structure of the minor gangliosides. 
Kuhn & Wiegandt (1963) found a polysialoganglioside (GV) in normal 
brain and this was also reported by Svennerholm (1964) in fetal and 
infantile brains. Kuhn & Wiegandt (1964) isolated four minor 
gangliosides from human brain. Klenk & Gielen (1963) found a trigalacto- 
disialoganglioside (D) lacking both glucose and hexosamine and the 
sialic acid reported to be different from NANA in this ganglioside. 
Tettamanti, Bertona & Zambotti (1964) isolated from pig brain a 
disialo species containing four molecules of neutral hexoses. They 
also reported the isolation of a tetrasialo component which is 
probably Kuhn & Wiegandt’s polysialoganglioside. They further 
suggested the presence of a monosialoganglioside (IIIC). Hexosamine 
is said to be absent from some minor gangliosides. Table 1.2 
represents the structure of several minor gangliosides with the 
notations used by different authors.
Gal 
= 
Galactose, 
GalNac 
= 
N-acetyl 
galactosamine, 
Glu 
= 
Glucose, 
Cer 
= 
Ceramide, 
NANA 
= 
N-acetylneuraminic 
acid.
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IV. METABOLIC
A. Biosynthesis.
De Maccioni & Caputto (1968), using labelled glucosamine, 
reported that the biosynthesis of gangliosides in the brain occurred 
at a high rate in the first 15 days of life in rats. Pritchard &
Cantin (1962) found a linear increase of gangliosides, in the grey 
matter of the brain, of the same species up to 25 days of age. James 
& Fatherby (1963) also observed a linear increase in ganglioside NANA 
from 3 to 16 days of age in rat brain. However, Suzuki (1965b) found 
a rapid increase in the amount of gangliosides, in rat brain around 10 
days after birth, and no increase after about 22 days old. His data 
also indicate that increases rapidly from birth to 18 days of age and 
then decreases, both as a percentage of the total and in actual amount, 
while G^ decreases up to 18 days followed by a gradual increase. He also 
stated that the same developmental changes held true for human brain. 
Maker & Hauser (1967) found that the maximum rate of incorporation of 
labelled glucose into gangliosides and cerebrosides in rat brain slices 
was from 8 to 11 days of age.
Detailed information about the stepwise biosynthesis of 
gangliosides is not available. Incorporation of labelled simple sugars 
in vivo, has been reported (Suzuki & Korey, 1963; Burton, Bunuel, Golden 
& Balfour, 1963; Suzuki, 1964a, 1967, 1970). The enzymic systems 
involved in the biosynthesis of gangliosides were studied in dispersions
of brain and other tissues such as the kidney and mammary gland.
The biosynthesis of NANA presumably involves the following three 
reactions (Warren & Felsemfeld, 1961), which are catalized by a kinase, 
a condensing enzyme and a dephosphorylating enzyme.
M ++ *
(1) N-ace tylmannos amine+ATP--“— ►N-acetylmannos amine-6-phosphate+ADP
K
(2) N-acetylmannosamine-6-phosphate + Phosphoenolpyruvate 
 —— »- NANA-9-phosphate +
(3) NANA-9-phosphate  ---> NANA + P^
In vitro studies indicated that cytidine monophosphate-NANA 
(CMP-NANA) served as the sialic acid donor to the monosialogangliosides 
catalized by cell free preparations from rat kidney (Kanfer, Blacklow, 
Warren & Brady, 1964). NGNA was also found to be a sialic acid donor.
Among possible pathways suggested for the biosynthesis of 
disialogangliosides, Kaufman, Basu & Roseman (1967) concluded that
the pattern shown in Fig 1.3 occurred in embryonic chick brain starting 
with ceramide disaccharide, in vitro.
Trivial name of 
glycosphingolipid
(Sialyltransferase) CMP-NANA
, (N-acetylgalactosaminyl- 
transferase)
UDP-N-acetyl- 
galactos amine
(Galactosyltransferase UDP-galactose
(Sialyltransferas e) CMP-NANA
Galactosyl— glucosyl— ceramide
NANA
Gal— Glu— ceramide
GalNac— Gal— Glu— ceramide
Gal— GalNac— Gal— Glu— ceramide
NANA
NANA
Gal— GalNac— Gal— Glu— ceramide
Ceramide-disaccharide
Hematoside
Tay-Sachs ganglioside
Monosialoganglioside
Disialoganglioside
Fig 1.3 - Pathway for biosynthesis of disialogangliosides 
(Kaufman et al. 1967).
Whether the two sialyl transferases in the above pathway are 
the same, and whether there is a sialyl transferase that requires 
disialoganglioside for the synthesis of trisialogangliosides is not 
clear, though Kaufman et al (1967) reported two different sialyl 
transferase systems in chick brain and suggested that there are different 
sialyl transferases depending on their sources, each requiring a specific 
structure in the acceptor molecules. They also indicated that the
specific activity of transferases in brain decreased with age until 
they were almost non-detectable in adult animals. Kanfer & Richards 
(1967) demonstrated that inhibition of protein synthesis, by 
administration of puromycin, decreased the incorporation of labelled 
sugars into brain gangliosides by 701 to 801, and this'led to "the 
suggestion that protein biosynthesis was an essential concomitant for 
ganglioside biosynthesis to occur (Eichberg, Hauser & Karnovsky, 1969). 
Hildebrand, Stoffyn & Hauser (1970) found that synthesis of gangliosides 
in vitro was proportional to the amount of protein in the rat brain 
homogenate. • '
Graves, Varon & Me Khann (1969) reported that when they incubated 
the isolated dorsal root ganglia in the presence of "Nerve Growth Factor" 
(a protein or a family of proteins) to accelerate the growth of nerve 
fiber, there was an increased incorporation of 1^C-glucosamine into 
gangliosides.
B. Breakdown
Suzuki (1967) found little turnover of brain gangliosides in rats 
during the first 10 days after birth, but the turnover rate was 
considerably higher during 8 to 16 days, followed by a gradual decline. 
Brain preparations catalized the liberation of NANA from gangliosides 
with a rate maximum at pH=5.2 (Me Ilwain 1966). The neuraminidase from 
human brain split off the NANA attached to of galactose at a faster 
rate than that attached to C„ of another molecule of NANA (Svennerholm
1967). The latter linkage was found to be more acid labile, 
supporting a possible explanation for the low Q^b (disialoganglioside) 
content in the brain of the new bom, as low tissue pH is known to be 
present in the neonate. Neuraminidases from several sources other than 
brain, could not remove the terminal NANA from monos ialoganglios ides 
(Korey & Stein, 1963; Kanfer et al. 1964), but mild acid hydrolysis 
liberated about 90% of the NANA from the monosialogangliosides (Kanfer 
et al. 1964).
On the basis of in vitro studies, using human brain homogenate, 
Svennerholm (1967) has proposed the pathway illustrated in Fig 1.4 to 
be the most likely route for ganglioside degradation.
The fatty acid patterns of different gangliosides separated from 
human brain were found to be very similar (Svennerholm, 1967) which is 
in line with the view of the metabolic inter-relationship of gangliosides.
Glu 
= 
Glucose, 
Gal 
= 
Galactose, 
GalNac 
= 
N-acetylgalactosamine, 
Nana 
= 
N-acetylneuraminic 
acid.
Fig 
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V. BIOLOGY
A. Ganglioside distribution and content of the brain.
Interest in the physiological function of gangliosides has led 
to intensive studies of their distribution in the brain. Gangliosides 
are primarily neuronal glycolipids and subcellular fractionation 
revealed that they are concentrated in the nerve endings (Burton &
Gibbons, 1964; Johnston & Roots, 1965; Derry & Wolfe, 1967). It was' 
further demonstrated that they were localized in the synaptic membranes 
(Whittaker, 1966; Lapetina, Soto & De Robertis, 1967; Roukema &
Heijlman, 1970). Whittaker (1966) reported that they were also present 
in the synaptic vesicle membranes. Koenig (1962) demonstrated the 
presence of gangliosides in the brain lysosomes. Fewster & Mead (1968) 
found that gangliosides were virtually absent from glial cells, whereas 
they have been found in myelin in small amount (Suzuki, Poduslo &
Norton, 1967). Kishimoto & Radin’s results (1966) indicated that the 
ganglioside concentration in the white matter was 1/6 to 1/10 of that in 
the grey matter. However, Derry & Wolfe (1968) reported that gangliosides 
in the white matter appeared to be a constituent of the axolemma and not 
a myelin component. A small but definite concentration of gangliosides 
was reported to be present in the isolated astrocytes (Ledeen, 1970). 
Recently, Norton & Poduslo (1971) have reported that isolated astrocytes 
have a higher content of gangliosides than neuronal perikarya. They 
suggested that gangliosides are constituents of all cell membranes and
that the larger amount in astrocytes, as compared with neurons, is 
due to their larger surface area. However, their neuronal preparations 
did not include dendritic processes.
Wolfe (1964) found that gangliosides made up 0.31 of the fresh 
weight or 1.51 of the dry weight of cerebral cortex. Gonatas & Gonatas 
(1965) obtained 315 yg of NANA/lOQmg dry tissue for human grey matter. 
Lowden .& Wolfe (1964b) reported the gangliosides from human, rat and 
cat brain to contain 309 yg NANA/mg gangliosides. Suzuki’s data (1965b) 
suggested 500 yg NANA/g wet weight for the brains of 10 days old rats 
and.875 yg NANA/g fresh brain for 20 days to adult rats. His data 
further indicated that adult value reached about after 16 days from 
birth. Spence & Wolfe (1967a) found the NANA to be about 1.08 mg/brain, 
from 40 to 50 day old rats, and about 556 yg/g fresh weight of the brain, 
from 20 to 50 days old.
The existing view indicates that the total amount of gangliosides 
in the brain of rats of about 25 days of age is similar to that of adult 
animals. However, few studies have included animals of intermediate ages. 
Rosenberg & Stern (1965) reported that the weight of the developing rat 
brain increased in three stages, 0 to 2 weeks, 2 to 5 weeks and 5 weeks 
to 5 months and then remained constant. They further found that brain 
gangliosides increased linearly during.the first two stages, but much 
more slowly up to 5 months and decreased after that.
Gangliosides have also been found outside the CNS in the spleen, 
red blood cell stroma, heart, liver, kidney, lung, placenta and a few 
other organs (Puro, Maury & Huttunen, 1969; Me Cluer, 1970; Wiegandt, 
,1970).
B. Physiological function.
The unique combination of C^q sphingosine and'saturated fatty 
acids (mainly stearic acid) in brain gangliosides as well as their 
remarkable solubility properties, led to the suggestion of their 
possible important physiological role. Gangliosides are said to be 
involved in cation transport across the cell membrane (Me Ilwain, 1963). 
Calcium ions, which are known to be membrane-bound and released on 
excitation of neurons, could neutralize anionic groups of gangliosides 
(Wolf, 1964). Addition of a solution containing calcium ions rendered 
gangliosides soluble in the chloroform phase of a biphasic chloroform: 
methanol: water system (Kruger & Mendler, 1970). Johnston & Roots 
(1965) suggested that gangliosides regulate the stability of aqueous- 
lipid phases by controlling the degree of hydration of surface 
molecules. They also indicated that gangliosides, because of their 
affinity for both aqueous and lipid phases, could provide an interfacial 
barrier of ionic charges preventing the coalescence of the two phases. 
Garrigan & Chargaff (1963) have suggested that gangliosides may function 
as possible mediators at oil-water interfaces for the transfer of 
substances from one phase to another.
Koenig & Jibril (1962) and Koenig (1962) suggested that brain 
lysosomes consisted of a structural matrix of ganglioside-protein in 
which hydrolytic enzymes were retained in a latent state by ionic bonds 
and that the NANA in the gangliosides appeared to be the anionic site 
which combined with the cationic groups of enzyme protein and other 
substances. Sellinger & Rucker (1964) reported that exogenous 
gangliosides protected the cerebral lysosomal membrane against rupture 
in sucrose solution.
Me Ilwain, Woodman & Cummins (1961) and Me Ilwain (1964) stated 
that some basic proteins (protamines) combined with gangliosides in 
cerebral tissue and inhibited the respiratory response to electrical 
excitation. They suggested that this was due to the prevention of the 
re-establishment of membrane potentials as a.result of inability to 
take up potassium ion from the medium. However, addition of 
gangliosides restored excitability (Me Ilwain, 1961, 1962, 1964; Wolfe, 
1964); presumably gangliosides as acids and protamines as bases combine 
with tissue constituents (Me Ilwain, 1964). Gangliosides are not unique 
in their property of restoring excitability to tissue inhibited by 
protamine; naturally occurring neuraminic acid derivatives and the 
trypanocidal agent, suramin (a polyacidic drug) have also been found to 
be active in this respect (Me Ilwain, 1963).
Subcellular fractionation of the brain cortex, using a sucrose 
density gradient technique has shown a similarity of the distribution 
of gangliosides and acetylcholinesterase (AcChE) in the membranes of
the synaptic vesicles (De Robertis, De Lores Arnaiz, Salganicoff,
De Iraldi & Zieher, 1963; Lapetina et al. 1967; Wiegandt, 1967); the 
cerebellum had a notably high AcChE activity (Koelle, 1969). Kasa & 
Silver (1969) and Koelle (1969) showed histologically the localization 
.of the AcChE in the synaptic membranes. Burton & Howard (1967) 
also described a parallel distribution of gangliosides and the 
bound ACh and suggested a hypothetical mechanism for the role of 
gangliosides in the-binding and release of the neurotransmitter (ACh) 
in synaptic-vesicles...Whittaker (1966) also reported a high 
concentration of ACh in the membranes of synaptic vesicles. However, 
it has been found that potassium ions cause a release of the bound ACh 
from the membrane of the synaptic vesicles (Richter & Marchbanks, 1971) 
and it is possible that sucrose and the buffers which are used in the 
subfractionation procedure in some way change the affinity of the 
membranes towards ACh and that the association of gangliosides and ACh 
in membranes separated by this procedure may be fortuitous. In support 
of this hypothesis Lowden & Wolfe (1964a) found that there was a parallel 
distribution of gangliosides and the possible neurotransmitter gamma 
amino butyric acid (GABA) in the brain.
Some drugs and hormones, such as reserpine and testosterone, which 
affect excitability, decrease the sialic acid content of the cerebral grey 
matter in the rat (James & Fatherby, 1963). Some antibiotics such as 
puromycin which inhibit protein synthesis have been found to interfere 
with ganglioside synthesis indicating that protein synthesis is essential
for the synthesis of gangliosides to occur (Kanfer & Richards, 1967). 
Lowden & Wolfe'(1964a) reported that several drugs, particularly 
strychnine, thebain (a morphine derivative) and brucine (a strychnine 
derivative) blocked the transmission of inhibitory synapses and 
combined with gangliosides. These observations were also made by 
Van Heyningen (1963).
Woolley & Gommi (1964) reported that gangliosides were receptors 
of serotonin in the CNS, facilitating its transfer from aqueous solution 
into the lipid phase, however, Fiszer & De Robertis (1969) have 
suggested that the serotonin receptor is a proteolipid.
Immunological studies showed that gangliosides exhibited haptenic 
properties and that the sialic acid residue played a major role in this 
effect (Brady & Trams, 1964; Carter et al. 1965; Brady, 1966).
C. Ganglioside disorders.
Tay Sachs and Neimann-Pick diseases are characterized by 
marked elevation of brain ganglioside levels as well as by abnormal 
ganglioside patterns. In TSD the GM2 ganglioside constitutes about 90% 
of total brain gangliosides, while it accounts for only about 6% of the 
total gangliosides in the normal brain (Svennerholm, 1963). The 
accumulation of GM2 ganglioside in TSD was attributed to enzymic block. 
There are three possible enzymes that may be defective, namely 
neuraminidase, galactosyl transferase and galactosaminidase (Schneck,
Volk & Saifer, 1969). Fig 1.5 shows the sites of the possible
enzyme blocks.
Cer-Glu-Gal<- ^  | Gal NAclffl. >GM1 < * + Gal
(1) (1) neuraminidase
As ialo derivative of GM2
(2) galactosyl transferase
(3) galactosaminidase
Fig 1.5 Possible sites of enzymic blocks leading to 
accumulation of the TSD ganglioside.
However, Palo & Saifer (1968) have suggested that the accumulation 
of GM2 ganglioside in TSD may be due to abnormalities of cell proteins, 
They further refer to studies indicating possible differences in amino 
acid composition of'peptide strandin from normal and TSD brains.
Neimann-Pick disease is known to be associated with elevated GM1 
and GM2 ganglioside (Jatzkewitz, Pitz & Sandhoff, 1965). O ’Brien, 
Stern, Landing, O ’Brien & Donnel (1965) and Brady (1970) described a 
generalized gangliosidosis, a condition with elevated content of 
gangliosides, which may be similar to Neimann-Pick disease. These 
ganglioside storage diseases are also called gangliosidoses or inborn 
errors of ganglioside metabolism.
In other conditions, like Hurler’s syndrome, alteration in the 
brain ganglioside pattern occurs with little increase in the total 
gangliosides (Ledeen, 1966). It is interesting that no ganglioside, 
which was entirely absent in normal brain, has been found in 
ganglioside disorders.
D. Gangliosides and some unphysiological conditions.
Lowden & Wolfe (1964b) concluded that hypercapnia, and the 
resultant respiratory acidosis, appeared to be the main cause of the 
loss of NANA and N-acetylgalactosamine from brain gangliosides in vivo.
The loss was found to be greater when the condition was accompanied by 
hypoxia. However, neither hypoxia alone, nor a decrease in pH 
without rise in pCO^, could lead to the decomposition of gangliosides.
They further stated that there was no detectable postmortem decrease 
in the ganglioside content of the brain. Wolfe (1964) reported that 
chronic hypoxia or severe hypoglycemia led to a loss of cerebral cortex 
neurons and a marked reduction in the amount of gangliosides in the brain.
The mechanism by which hypercapnia causes decomposition of 
gangliosides is not clear, but Lowden & Wolfe (1964b) suggested the 
possibility of enzyme activation or release of activators for the enzymes, 
hydrolyzing gangliosides present in- the brain and only active in 
anaerobic conditions. Further evidence was the presence of a neuraminidase 
from guinea pig and human brain, reported by Morgan & Laurell (1963), 
with maximum activity at pH=3.5 to 4.0.
Rastogi, Prichard & Lowden (1968) found that the brain of rats 
asphyxiated at birth had considerably less ganglioside-NANA at 10 weeks 
of age than the control animals. It was suggested that the permanent 
effect was due to damaged neuronal membranes and subsequent impaired 
dendritic expansion. Myelination was not found to be arrested by
asphyxiation in this experiment.
Smith (1966) reported a loss in gangliosides from the lungs of 
guinea pig during anaphylaxia when the animals were previously 
sensitized to egg albumin and the shocking dose was given in vitro.
The turnover of the brain gangliosides has been reported to be 
/ raised in rats subjected to environmental and behavioural stimulation 
(Irwin & Samson, 1969, 1971).
VI. ISOLATION AND IDENTIFICATION
Gangliosides are extracted from brain tissue by lipid solvents 
and differential solubility in aqueous solutions is the basis of their 
isolation from other tissue lipid constituents. Chromatography has 
been used extensively for the separation, identification and preparative 
investigation of gangliosides.
A. Extraction.
Folch, Lees & Sloane Stanley (1957) extracted strandin 
(gangliosides) by homogenizing the brain tissue in a 2:1 chloroform- 
methanol mixture (V/V) and filtering the homogenate. The gangliosides 
were partitioned from the extract into an aqueous phase by adding 0.2 
volumes of water or salt solution. Suzuki (1964b) reported that further 
extraction of the residue with chloroform-methanol 1:2 (V/V) containing 
5% water was necessary to completely extract the gangliosides. Prior 
extraction with acetone was later recommended to increase the yield 
(Ledeen, 1966). Strandin was then partitioned into water or salt 
solutions from the crude extract (filtrate). This procedure has been 
followed by a number of investigators. It is believed that the protein 
attached to the ganglioside molecules is split off during the extraction 
with chloroform-methanol (Ledeen, 1966). Gangliosides extracted from 
acetone dehydrated brains were found to be free of proteins (Bemheimer, 
1961). Trams & Lauter (1962) homogenized the brain tissue in tetra- 
hyrofuran-aqueous phosphate buffer and partitioned the gangliosides in .■
diethyl ether. However, this method showed a low yield specially 
for the trisialogangliosides. Kuhn & Wiegandt (1963) used phenol or 
phosphate buffer for extraction of gangliosides.
Isolation of gangliosides from the crude extract has also been 
carried out with column chromatography. Rouser, Kritchevsky, Heller 
& Lieber (1963) isolated gangliosides from the crude extract on a 
diethylaminoethyl (DEAE) column. Svennerholm (1956b) utilized cellulose 
powder column which was eluted first with chloroform-ethanol-water and 
then with chloroform-methanol-water to obtain the gangliosides. Penick, 
Meisler & Me Cluer (1966) used Anasil column eluted with chloroform- 
methanol-water.
B. Factors affecting the extractability.
Owing to difference in their reactivity towards tissue 
constituents, the trisialo species are extracted with difficulty by 
chloroform-methanol (2:1) or tetrahydrofuran; similarly, the extraction 
of less polar gangliosides are affected if highly polar compounds are 
used for extraction.
During the storage .of gangliosides in chloroform-methanol, NANA 
is hydrolized spontaneously at room temperature (Svennerholm, 1963). 
However, negligible decomposition of gangliosides in situ was reported 
even when the brain was kept at room temperature for 24 hours (Lowden & 
Wolfe, 1964b). Suzuki (1965a) found that prolonged formalin fixation of
brain tissue reduced the total gangliosides and the polysialogangliosides 
were the most likely susceptible to decomposition in formalin.
Removal of inorganic ions, by washing the subcellular fractions 
with water, from brain tissue significantly decreases the extractability 
of gangliosides, and this may be due to an alteration in membrane 
properties (Spence & Wolfe, 1967b) probably owing to formation of strong 
association with membrane proteins, as the inorganic cations have been 
postulated to be involved in the stabilization of biological membranes.
C. Separation and quantitation of ganglioside species.
Separation of ganglioside preparations into individual 
gangliosides has been carried out. by column and thin layer chromatography 
techniques. Silica Gel columns have been used in several laboratories 
(Klenk & Gielen, 1961b; Johnson & Me Cluer, 1963; Svennerholm, 1963).
Kuhn & Wiegandt (1963) used cellulose powder columns as well as Silica 
Gel. Svennerholm (1963) used a pressurized paper roll column.
Thin layer chromatography (TLC), although more tedious than column 
chromatography, proved to be an excellent technique for the separation 
of individual gangliosides on Silica Gel. A number of solvent systems 
have been described specially for gangliosides. Some of the most 
commonly used systems are chloroform-methanol-ammonia, chloroform-methanol- 
water and n-propanol-water with different combinations. Korey & Gonatas 
(1963) separated gangliosides by a descending technique. Kruger (1969)
reported that the use of glass fiber chromatography (Haer, 1969) 
increased the sensitivity and also the speed of separation.
To detect the individual gangliosides on the plates Rhodamine 
B spray has been used with visualization of the spots under the ultra 
violet light. For non-preparative investigations, reagents for 
quantitative determination of sialic acids such as orcinol, resorcinol 
and 50% sulfuric acid have been used to detect the spots.
Suzuki (1964a) measured the gangliosides by scraping off the areas 
of individual gangliosides into separate tubes followed by quantitative 
tests. Brady, Borek & Bradley (1969) used a resorcinol spray and 
quantitated the individual gangliosides by scanning the plates with a 
chromatogram spectrophotometer. Mac Millan & Wherrett (1969) heated the 
plates quickly at 150°C on a sand bed on a hot plate after spraying with 
resorcinol and determined the NANA in the separate spots. Quantitation 
of gangliosides is commonly based on the measurement of NANA which is 
known to be their characteristic component. Yu & Ledeen (1970) described 
a method for the measurement of NANA and NGNA, in the brain gangliosides, 
by gas-liquid chromatography. There are few methods for the estimation of 
ganglioside-NANA. Warren (1959) suggested the thiobarbituric acid assay. 
However, results obtained by this method were found to be low and 
variable compared to other methods. Svennerholm (1957) used resorcinol- 
hydrochloric acid. Hess & Rolde's flOorimetric method (1964) is based 
on the reaction of NANA with 3,5 diaminobenzoic acid in hot dilute 
hydrochloric acid to yield a product with intense green florescence.
However, Kishimoto & Radin (1966) have determined the gangliosides 
by measuring the. stearic acid content.
D. Ganglioside patterns.
The number of ganglioside species resolved by TLC depends on the 
nature of the solvent system employed. Chloroform-methanol-ammonia 
systems have been reported to give the greatest resolution (Penick et al. 
1966). Polarity is believed to be the major factor determining the rate 
of chromatographic mobility.
There are four major gangliosides which constitute more than 90% 
of the total .gangliosides in the brain. Using.the nomenclature of Korey 
& Gonatas (1963) the slowest moving is a trisialo (G^ ) which migrates 
behind the two disialo G^ and G^ species and‘the fastest is a monosialo- 
ganglioside(G^). Of the minor gangliosides, Gq moves behind the major 
trisialoganglioside G^, and (according to the nomenclature of Suzuki) 
moves ahead of the major monosialoganglioside. Several other minor 
gangliosides have been reported by different investigators.
The ganglioside pattern of fetal human brain has been reported to 
be similar to that of adult human brain. In the gray matter of the new 
bom the predominant ganglioside was found to be G^ and this was found 
to decline in the first ten years of life (Suzuki, 1965). He further 
reported that in rat wholebrain the G^ ganglioside increased rapidly
from birth to 18 days and then decreased, not only in proportion, 
but also in the actual amount. The proportion of G-^ ganglioside 
decreased from birth to 18 days followed by an increase. A comparison 
of the ganglioside patterns of the grey matter of several species 
showed an increase in complexity in the order rat, guinea pig, rabbit, 
sheep, monkey and man (Carter et al. 1965).
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HUMAN BRAINS
The brains included in this study were obtained from Jamaican or 
Chilean children. Clinical details of the Jamaican 'control’ and 
malnourished children were available and are given in Tables 1.9 and 2.1 
respectively. Brains of 30 children aged 0 to 26 months were available 
from Jamaica. Eighteen of them died from clinically diagnosed malnutrition 
(kwashiorkor, marasmus or a combination of the two, with varying degrees) 
and the reaminder were classed as 'controls' who died of diseases hot 
known to be directly related to the CNS such as gastroenteritis and 
pneumonia. Brains from 12 children aged 3 to 25 months and one 12 years 
old and of a control 43 year old adult were available from Chile.
Malnutrition in these children was judged on the basis of the recommendation 
of the Wellcome Trust Foundation (see Page 8- ).
All the bodies were refrigerated and the brains removed as soon as 
possible after death. All brains were removed by severing the cord at 
the level of the foramen magnum. The cerebellum was separated by cutting 
the cerebellar peduncles as closely as possible to the cerebellum. Brain­
stem was separated from the forebrain by a transverse cut anterior to the 
mammillary bodies. Each part was then weighed. Subsequent manipulation 
differed in the two countries. In Jamaica weighed samples, of thoroughly 
homogenized brain parts, were freeze-dried to constant weights. Of these, 
samples were available from forebrain, cerebellum and brainstem (only 
forebrain and cerebellum from 10 of them). From Chile, wholebrain homogenate
samples (some were diluted with water to 2\ times of their weights)
and homogenates of forebrain, cerebellum and brainstem from the 43 year
old adult, were received in a polystyrene ice bucket containing soTd
carbon dioxide. Immediately after arrival the samples were transferred
into a deep freeze at -50°C and stored until used for analyses. They
were kept at room temperature to thaw and thoroughly mixed before taking
*
samples for analysts. Samples of diluted brain homogenates for the 
ganglioside extraction were freeze-dried prior to extraction, and the 
proper quantity of water was added reckoned on the water content of the 
fresh tissue.
PIG EXPERIMENTS
The pigs were reared under the supervision of Dr. Elsie M.
Widdowson of the University of Cambridge and Medical Research Council 
Dunn Nutritional Laboratory.
Brains were available from 69 pigs (predominantly of the Large 
White breed). Thirtyone of these brains belonged to control animals, 
aged from 93 days old foetuses to 30 months old adults. The other 38 
brains were from malnourished and rehabilitated animals. They included 
4 newborn piglets and 1 foetus which were runts and thought to have 
suffered from intrauterine malnutrition.
'All animals heavier than 50kg were killed at a slaughterhouse. 
Foetuses were obtained from the pregnant females quickly after they were 
slaughtered. The other animals were killed with an overdose of nembutal 
(pentobarbitone). ‘ *
The animals to be malnourished were weaned from the sow at about 
2 weeks of age on to a commercial early weaning diet. After a few weeks, 
they were transferred to a diet containing about 19% protein, 6% fat and 
60% carbohydrates. Each undernourished pig received about 90g of this 
diet per day, divided between three meals. The amount of this food was 
increased slightly through the year of undernutrition to allow a little 
growth to continue. Protein deficient animals, also received extra 
calories as carbohydrates or fat during the period of protein deficiency.
Plate 1 shows a photograph of 3 littermate pigs, a control, an 
undernourished and a protein deficient, at about one year of age (Me Cance,
1968), similar to those used in this study. Fig 1.6 shows the growth 
curve of such animals during malnutrition and during rehabilitation 
(Me Cance, 1968).
Rehabilitation, after one year of undernutrition or protein 
deficiency, started with feeding of the commercial early weaning diet 
ad libitum for one month, before they were fed the same as the control 
pigs.
The control animals received the commercial early weaning diet 
from 3 weeks of age and they were weaned from the sow at 6 to 8 weeks 
of age. These .animals were then shifted on to a commercial cubed diet.
The composition of the diets and the procedure used for the feeding 
and care of the pigs were those given by Lister & Me Cance (1967).
Brains were dissected into forebrain (anterior to the mammillary 
bodies), cerebellum and brainstem as explained by Dickerson & Dobbing 
(1967). Each brain part was individually weighed, as soon as possible, 
and stored at -50°C for analyses.
Plate 1 - THREE LITTERMATES ABOUT A YEAR OLD: THE BIG ONE 
WAS REARED ON A VERY GOOD DIET FROM BIRTH, THE 
SMALLEST ON VERY SMALL AMOUNTS OF AN EQUALLY GOOD 
DIET, AND THE THIRD ON TIE SAME RATIONS AS THE 
LAST PLUS UNLIMITED SUGAR (Me Cance, 1968).
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RAT EXPERIMENTS
Albino rats of the Wistar strain were used throughout the present 
investigation. Pregnant animals were always housed in individual cages 
as soon as the pregnancy was noted (usually between 8 to 10 days after 
copulation), and retained in these cages until their young were 21 days 
of age. Pups were divided among the lactating mothers regardless of their 
sex in all experiments. Always rats were weighed before decapitation. No 
female rats were used after they had littered for 6 times.
Diets and the ingredients used.
Stock diet (Spillers) in pellet form was used for the control rats 
and in powder form as the protein source, for preparing the 12% and the 
7% protein diets, which was diluted with potato starch. The composition 
of the Stock, 12% protein and the 7% protein diets are given in Tables 1.3 
to 1.5 respectively.
Table 1.6 presents the composition of the vitamin ntixture which 
was used for the preparation of the 12% and 7% protein diets.
Both the pellet and the powder Stock diets as well as the vitamin 
mixture were obtained from the Cooper Nutritional Products Ltd. Essex, 
England.
The composition of the salt mixture (Nutritional Laboratories, 
Cambridge) is given in Table'1.7.
Removal of the brain.
Animals were killed by decapitation, taking special care to cut 
the neck as far back as possible to assure that the medulla oblongata was 
not excluded. The skull was then opened and the brain was quickly 
removed, freed from membranes and blood vessels. Cerebellum was removed 
by severing the cerebellar peduncles and the brainstem was separated from 
the forebrain by a vertical cut anterior to the anterior calliculi. Brain 
parts were separately weighed and stored at -50°C until analysed. •
Animals used for the brain developmental studies.
Control rats were used between T day old and 27 months of age
in this experiment. All these rats were from normal mothers and received
-from
the Stock diet ad libitum for-■ thflir-li-fe. Pools of parts' of the brain 
were collected at different ages as indicated iu.the results, to study
the ganglioside content and concentration of the rat brain parts during
the development and growth.
Animals used for brain ganglioside stability.
This experiment was designed to study the stability of the 
gangliosides in the brain tissue at room temperature and in the 
refrigerator for different periods of time.
IVholebrains from normal adult rats (4 to 5 months old) were 
removed, homogenized at 3 to 4°C, and three samples were taken from
each homogenate.' The total ganglioside-NANA was measured in one sample 
immediately and another sample was stored at 3 to 4°C while a third one 
was kept at room temperature. The total ganglioside-NANA was determined, 
in both samples stored at 3 to 4°C and at room temperature, after 24, 48 
and 72 hours, to study the stability of the brain gangliosides at 
different temperatures. The same experiment was repeated using intact 
wholebrains to study any possible difference in the stability of ganglio­
sides when the brain was stored without homogenization.
Results of this study are tabulated in Table 1.8. These data 
indicate that when brains were kept in the refrigerator (unhomogenized) 
there was not any appreciable change in the ganglioside-NANA content for 
2 days but a slight increase in the value followed after 3 days. However, 
this increase was more, after 3 days, when the stored tissue was 
homogenized, although there seemed to be a small drop in the ganglioside- 
NANA content after 1 day. At room temperature, the increase in the value 
started earlier and was of the higher magnitude and it was still higher 
for the homogenized tissue. This increase could be due to some degree of 
autolysis of the brain tissue which can result in a release of NANA from 
the glycoproteins containing NANA (Brunngraber, Brown & Aguilar; 1969).
Postnatally undernourished animals.
Litters born on the same day to the mothers which had free access 
to water and the Stock diet were divided in groups of 3 pups (small litter) 
and 15 pups (large litter) to a lactating mother at one day after birth.
All mothers were continued to receive the Stock diet ad libitum. Only 
pups born in the 2nd. to 5th. litters of each female were used in this 
experiment. The small litters were considered as the well nourished 
(controls) groups and the large litters were regarded as the postnatally 
undernourished animals. Enough animals were sacrificed to obtain the 
needed number of pools of each of the brain parts, at 1, 7, 15 and 21 days 
after birth, for DNA and ganglioside estimation.
Congenitally malnourished animals.
Weanling female rats (22 to 24 days old) were reared on the 12% 
protein diet ad libitum until they were 4 months of age and mated with 
normal males. The number of the pups in the offspring (bom in the 2nd. 
to 5th. litters), b o m  on the same day, was adjusted to 15 to each 
lactating mother, at one day after birth. Pools of each of the brain 
parts were collected, as described earlier, at each age of 1, 7, 15 and 
21 days postnatal, for the DNA and ganglioside measurements. Control groups 
for these congenitally malnourished animals were the postnatally 
malnourished large litters.
Prenatally plus postnatally malnourished animals.
Female rats, which had littered 2 to 4 times, were' mated overnight 
and the pregnancy judged by the vaginal smear test on the following 
morning. The pregnant rats were shifted from the Stock diet onto the 7% 
protein diet, from the fifth day of gestation and they were fed the diet
ad- libitum for the rest of the pregnancy and through the lactation 
period. The pregnant rats were separated and kept in the individual 
cages about 4 days before term. Number of the pups, with each lactating 
mother, was adjusted to 8 at one day after birth. These pups were 
considered to have suffered from the intrauterine malnutrition and the 
postnatal undernutrition. Groups of 8 pups to each lactating mother were 
used as the controls in this experiment. These mothers were fed the 
Stock diet ad libitum through the pregnancy and lactation. Pools of 
each of the brain parts were collected, as described earlier, at each age 
of 7 days (only the wholebrain. from the experimental groups), 15 and 21 
days postnatal from the experimental and the control groups for the 
estimation of DNA and gangliosides.
Extraction of gangliosides.
Gangliosides were extracted according to the method of Folch,
Lees & Sloane Stanley (1957) as modified by Suzuki (1964b). Brain 
samples weighing from about 0.5 to 3g (fresh weight) were used for the 
ganglioside extraction. The small samples were from the cerebellums and 
brainstems of very young pigs and rats, which had very small brains, in 
spite of the pooling (in the rats) of up to 12 brain parts for each 
sample. Owing to the small amount of the materials available most of the 
human brain samples used for ganglioside extraction weighed about 0.5g 
and in a few cases samples had to be used that weighed only 0.2g.
Samples were homogenized in 20 volumes of chloroform:methanol
(2:1, V/V) and filtered. 10 Volumes of chloroformrmethanol, with the 
reverse ratio .(1:2, V/V), which contained 5% water, was added to the 
residue and again homogenized and filtered. The extracts were combined 
and chloroform added to restore the chloroform-methanol ratio to 2:1. 
Chloroform and methanol' used were of analytical grade quality. The 
gangliosides were partitioned into an aqueous phase by the addition.of 
0.2 volume of 0.88% potassium chloride solution and the system was left 
at least overnight, depending on the total volume, to allow the complete 
separation of the two phases (centrifugation was avoided). The upper 
phase was removed and transferred into a dializing bag. The interface 
was washed, once with the theoretical upper phase containing potassium 
chloride, and once with the theoretical upper phase without potassium 
chloride, and the washings were added to the upper phase in the dializing 
bag. Dialysis was carried out for 48 hours against 2 litres of precooled 
distilled water, which was changed after 24 hours. The whole extraction 
procedure and the dialysis were performed in the cold room. Following 
dialysis, the contents of the bag were freeze dried and dissolved in 0.5 
ml of water.
Measurement of the total gangliosides.
Resorcinol reagent: 80ml of concentrated hydrochloric acid, 
containing 0.25ml of 0.1M copper sulphate, were added to 10ml of 2% 
resorcinol solution. Water was added to bring the total volume to 100ml.. 
This reagent was used at least 4 hours after preparation. It was stored
in the refrigerator at 4°C and discarded after a week.
The amount of gangliosides in the freeze dried samples was 
determined by measuring the total NANA with the- Svennerholm’s (1957) 
resorcinol method as modified by Miettinen & Takk-Luukkainen' (1959). 
Duplicate samples, of 50 or 100 yl of the ganglioside preparations, were 
transferred into individual test tubes and diluted to 1ml with distilled 
water. One ml of resorcinol reagent was then added. Each tube was 
vigorously shaken with a Whirly Mixer. After heating for 20 minutes in 
a boiling water bath, the tubes were cooled under running water, the colour 
was extracted with ;3ml-of butyl acetate-n-butanol (85:15, V/V) and the 
optical density was measured at 580mu using a Unicam SP 500 spectro­
photometer. The standard curve (Fig 1.7) was prepared using NANA from 
egg obtained from the Sigma Chemical Company. A blank tube and at least 
two standards were run along with each determination. The optical density 
of 20yg NANA was always between 0.194 to 0.210 and there was a better 
agreement between the readings of the duplicates in each run. Recovery 
of NANA, when added to the ganglioside extract, was never less than 97%.
Thin-layer chromatography.
The TLC technique was employed for the fractionation of the 
ganglioside mixtures. A descending procedure with n-propanol-water (7:3, 
V/V) (Suzuki 1964b) was tried at room temperature and at 4 to 5°C but 
this did not lead to a satisfactory resolution of the ganglioside species.. 
Plates were washed with methanol-hydrochloric acid (9:1, V/V) according
to Randerath (1966), and methanol-diethyl ether (4:1, V/V) as Penick 
et al (1966), neither of which improved considerably the separation of 
the ganglioside species. Also Silica Gel H was used with both ascending 
and descending techniques with propanol-water and chloroform-methanol- 
ammonia of different proportions. All organic solvents used were of 
analytical grade quality. Chloroform-methanol-ammonia gave a satisfactory 
resolution of gangliosides for quantitative purposes but the rate of 
migration was very slow, although 40cm long plates were tried. The method 
which, was eventually established was a modification of that of Penick et 
al (1966). Chloroform-methanol-2'. 5 N ammonia (60:35:8, V/V) was' used as 
the solvent system. '
Thin-layer plates (20cm x 20cm) were prepared with a slurry of 
6g of Silica Gel G (Merck Laboratory Chemicals) in 12ml of water, for 
each plate, applied with an adjustable applicator which spread a uniform 
thin layer (250y) of the absorbant. The plates were then allowed to air 
dry for about 15 minutes and stored. Immediately before use the plates 
were activated by heating at 130°C to 135°C for 90 minutes. A warm stream 
of air was maintained on top of the plates during the application. 
Ganglioside samples were applied on the absorbant layer by means of micro­
pipettes (25yl) in 2cm streaks 1.5cm apart. On each streak 75 to lOOyl of 
a sample was applied. One spot of 80yg of bovine brain ganglioside (Koch- 
Light Laboratories Ltd.) was also applied on each plate as a reference for 
the location of ganglioside species. After the application of ganglioside 
preparations the spots were thoroughly dried under the warm air from a
hair dryer., and the edges of the absorbant layer were scraped to 
provide an even and parallel borders.
In order to obtain maximum resolution of the gangliosides, a paper 
wick (Watman No. 1) was attached to the top of each plate, supported by 
two glass rods on both sides and wired together at the ends (as shown in 
Fig 1.8), to permit a longer developing time. Shandon Chromatotanks 
(23cmx23cmx7cm) were used. After the solvent (100ml) was added to the 
tank it was allowed to stand for about 30 minutes to saturate the atmosphere 
No paper lining was used in the tanks. Plates were developed for a period 
of 7 to 7.5 hours and the spots were detected by a Rhodamine B spray (0.01% 
aqueous solution) and visualized under the ultra violet light. Use of 
iodine vapor for detection of spots, suggested by Suzuki (1964b) proved to 
be unsatisfactory and was avoided on his recommendation through a personal 
communication. Each spot was encircled, carefully scraped off into a tube 
and quantitated individually, by the Svennerholm’s resorcinol method (1957) 
for NANA, according to Suzuki (1964b). The four major gangliosides were 
measured, each including the nearest minor ganglioside spot. G6, the 
least polar ganglioside, was excluded from the determinations. 0.5ml of 
water was added into each tube containing a scraped off spot, followed by 
the addition of 0.5ml of resorcinol reagent and vigorous shaking for one 
minute on a Whirly Mixer. After heating for 20 minutes in a boiling water 
bath the colour was extracted with 1.5ml of butyl acetate-n-butanol 
(85:15, V/V) and the optical density was measured at 580my.
Recovery from the plate as the sum of the individual gangliosides 
averaged 95%±5 standard deviation, although the minor ganglioside 
was not included. From the percentage distribution of the recovered 
gangliosides and the total, determined individually, the absolute 
concentration of the individual gangliosides was calculated.
Extraction of DNA.
DNA was isolated from the brain tissue according to the method of 
Schneider (1945, 1946) with slight modification. About O.lg of the 
tissue was homogenized in 8ml of precooled 6% perchloric acid (PCA) and 
left for 15 minutes with occasional shaking. It was then centrifuged at 
about 3000 r.p.m. for 20 minutes, using a Uni cam bench centrifuge, and 
the supernatant was discarded by means of a Pasteur pipette. The lipids 
were extracted by the addition of 5ml of precooled 96% ethyl alcohol in 
which the precipitate was rehomogenized and left for 15 minutes followed 
by centrifugation at about 3000 r.p.m. for 15 minutes. After discarding 
the supernatant the alcohol treatment was repeated one more time. Up to 
this stage of DNA extraction, all the procedure was carried out in the 
cold room. Of the 6% PCA 5ml was then added to the precipitate, homogenized 
and heated for 20 minutes in a water bath at 90°C followed by centrifugation 
at about 3000 r.p.m. for 20 minutes and decanting the supernatant. The 
extraction with 6% PCA was repeated with 2ml of PCA and the two supernatants 
were combined and the volume was made up to 10ml by adding of the 6% PCA 
solution.
Measurement of DMA.
Diphenylamine reagent: This solution was prepared by dissolving 
1.5g of recrystalized diphenylamine (Analar grade obtained from the BDH 
Chemicals Ltd.) in 100ml of glacial acetic acid and adding 1.5ml of 
concentrated sulphuric acid and 0.1ml of 0.16% acetaldehyde solution.
The reagent was prepared immediately before being used.
The DNA was determined by the diphenylamine reaction (Burton, 1956) 
with slight modification. Diphenylamine reagent (4ml) was added to each 
of the tubes containing 2ml of -the DNA extract from the brain tissue and 
the tubes were kept in an oven at 28°C to 30°C for a period of 45 hours, 
which proved to give the maximum colour development. The optical density 
was measured at 600 my using a Unicam SP 500 spectrophotometer. A standard 
curve (Fig 1.9) was prepared using DNA from calf thymus (Sigma Chemical 
Company).
Determination of acetylcholinesterase activity.
Reagents;
Phosphate buffer, 0.1 molar, pH 8.0
Substrate- Acetylthiocholine iodide (Koch-Light Laboratories Ltd.) 0.075 
molar (21.6 mg/ml). This solution was kept refrigerated and used only for 
one week after it was prepared.
Reagent- Dithiobisnitrobenzoic acid (DTNB). Solution of 0.01 molar of 
5:5-dithiobis-2-nitrobenzoic acid (Aldrich Chemical Co. Wisconsin) was
prepared by dissolving 39.6mg of DTNB in 10ml of phosphate buffer 
(0.1 molar, pH 7.0) and 15mg of sodium bicarbonate.
Measurement.
The AcChE activity was determined according to the colorimetric 
method of Eliman, Courtney, Andres & Featherstone (1961). Samples of 
about 40mg were homogenized in 2ml of phosphate buffer and 0.4ml of this 
homogenate was added to a cuvette containing 2.6ml of phosphate buffer.
Of the DTNB reagent, lOOyl were added to the cuvette and the optical 
density was measured at 412mu. After the increase in the optical density 
stopped, the absorbance was set to zero by opening the slit of the 
spectrophotometer (Unicam SP 500). The substrate (20yl) was then added, 
the changes in absorbance were recorded at one minute intervals for 7 to 
10 minutes, and the rate was calculated as follows:
R = 5.74 (lO-1*)
0 -
R = rate in moles substrate hydrolyzed per minute per gram of tissue.
AA = change in absorbance per minute. . -
Cq = original concentration of tissue in mg/ml.
TABLE 1.3
THE COMPOSITION OF THE STOCK DIET 
Moisture 8.5%
n .-, 5.1% in the pellet diet
1 2.0% in the powder diet
Protein 21.1%
Fiber 2.7%
Ash 5.1%
Calcium 0.9%
Phosphorus 0.8%
Vitamin A 11.0 I.U’Si/g
Vitamin 2.4 I.U's./g
Choline 520.0 mg/g
Total tocopherol 24.0 mg/g
Thiamine 4.0 mg/g
Riboflavin 7.0 mg/g
Nicotinic acid 80.0 mg/g
Vitamin B ^  0.015 mg/g
Folic acid 0.16 mg/g
Iron 140.0 p.p.m.
Starch accounted for the rest of the percentage of the ingredients,
TABLE 1.4
THE COMPOSITION OF THE 12% PROTEIN DIET
Percent
Stock diet (powder) 57.1
Starch (from potato) 35.5
Vitamin mixture 3.3
Salt mixture 2.6
C om oil 1.3
TABLE 1.5
THE COMPOSITION OF THE 7% PROTEIN DIET
Percent
Stock diet (powder) 33.2
Starch (from potato) 54.4
Vitamin mixture 5.7
Salt mixture 4.5
Com oil 2.2
TABLE 1.6
THE COMPOSITION OF THE VITAMIN MIXTURE
Vitamin A
Vitamin D,
Vitamin E
Vitamin B,
Nicotinic acid
Calcium pantothenate
Folic acid
Vitamin C
Inositol
Vitamin B,
Vitamin B,
Biotin
Vitamin B12
Choline chloride
Content/kg
1,000,000 i.u’s,
100,000 i.u’s,
10.0 g
1.0 g
4.0 g
3.0 g
0.1 g
40.0 g
10.0 g .
1.0 g
1.0 g
0.02 g
2.0 g 
100.0 g
The base of the supplement was dextrose.
TABLE 1.7
THE COMPOSITION OF THE SALT MIXTURE
Grams
NaCl 50
Ca-phosphate Ca^CPO^)^ 400
Fe-citrate 35
KI 1
MgSO^ 80
NaH^PO^ (aidiydijjirs) 105
KC1 250
NaF 0.04
MnSO. 0.2
Columns 
1 
and 
2 
show 
the 
results 
obtained 
from 
two 
separately 
performed 
experiments.
H
L-J ,
•o to 3
to oo 4^ o  ’ CD
'P( P
V--/
o\ Cn Cn Cn tr
to Cn O Cn o
Cn O ~o Cn g
0Q
CD
P S3
H* CD
ON Cn 4C. Cn tM
O n to Cn to CD P
•P* Cn Cn M PC H*
OQ
CD
P
P
r+
O
' P
3
p-o
Cn Cn ' Cn Cn P
to •<1 Cn Cn M tj 4^»
M Cn O {zr1 O
O n3 V--'
- o
oo
CDy
H*
ON Cn Cn Cn tM
O -O 4c ' ON to CDOn <o OO h-1 PC
O n O n Cn Cn y*
CO M CM Cn M oto C M Cn Cn g
U
OQ
CDy
H*
- o ON ON Cn CM 5 s
1—1 OO - o Cn to CD o
to to Cn h-> PC o
r+
CD
» y
CDp
pr+
PP
CD
ON Cn Cn Cn p
(—1 OO -P* Cn M s
O O O
3o
OQ
CDy
ON Cn Cn Cn
p*
tM
CO to ON to CD
Cn Cn O PC
TABLE 
1.8•
O
pt
ic
al
 
de
ns
it
y
Fig 1.7 THE STANDARD CURVE FOR NANA
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Fig 1.9 THE STANDARD CURVE FOR DNA.
0.5
0.4
0.3
0.2
2001801601401201008050 60
/i g DNA
ISOTOPE STUDIES
Chemical studies pointed to a significantly lower ganglioside 
concentration and content in the brain parts of the severely malnourished 
animals. To obtain evidence with regard to the rate of the synthesis of 
gangliosides in the brain of severely malnourished rats, incorporation of 
1 C-glucosamine into these compounds, in vivo, was studied.
Prenatally plus postnatally malnourished pups (prepared as..mentioned 
earlier) were injected with D-(l-lltC) glucosamine, 0.75 yCi/g body weight, 
intraperitonealy, at the ages of 6, 14 and 20 days (5 animals at each age). 
Five control animals (8 pups to a mother), at the same ages as above, also 
received inj ection along with the malnourished rats. The animals were 
sacrificed 24 hours after the injection and brains were quickly removed, 
weighed and stored at -20°C for analyses.
The D-(l-14C)glucosamine was obtained from the Radiochemical Centre, 
$mersham, England, with the specific activity of 55.0 mCi(mmole, supplied 
in 3% ethanol. The stock was diluted to a concentration of 50 yCi/ml with 
3% ethanol solution.
Measurement of the radioactivity. •
Brain gangliosides were extracted and freeze-dried as explained 
earlier and dissolved in 0.5ml of water. For the measurement of the 
radioactivity of the total ganglioside fraction, a portion of 0.1ml was
counted (using a Packard liquid scintillation counter) in a scintillation 
solvent of 3ml of ethanol and 13ml of toluene containing 5g of 
2,5-diphenyloxazole (PPO) and 0.3g of l,4-bis-2(4-methyl-5-phenyloxazolyl)- 
benzene(dimethyl-POPOP) per litre of toluene. PPO and POPOP were obtained 
from the Nuclear Enterprises Ltd., Edinburgh, Scotland.
For the measurement of the radioactivity of the major gangliosides, 
"20yl portions of ganglioside preparations were spotted on TLC plates for 
subfractionation as explained earlier. Each spot was carefully scraped off 
into a test tube and the resorcinol test for NANA was carried out as 
described earlier. For the extraction of colour 1.5ml of butylacetate- 
butanol (85:15, V/Vj was used. Of the extracts 0.1ml portions 
were used for measurement of the radioactivity, as for the measurement of 
radioactivity of the total ganglioside fractions.
Five samples were counted once more with the addition of internal 
standard and the radioactivity was calculated as disintegration per minute 
(dpm) values.
HISTOLOGICAL STUDIES
Histological studies were performed to correlate the data 
obtained from the chemical and isotope approaches to the neuronal 
development and population.
Brains from prenatally plus postnatally malnourished rats were 
used for the histology. Sections of different brain parts w^ ere stained 
using Gallocynin-Chrome Alum technique to investigate the cell population. 
Also a Silver Stain method was employed to help the study of the 
axodendritic fibers.
Perfusion of the brain.
The animal was sacrificed by anesthesia with ether. Immediately 
after the respiration ceased the chest was opened and a blunt needle was 
carefully inserted into the aorta through the left side of the heart, and 
the right auricle was punctured to permit the outflow of the perfusing 
solutions. Saline (0.9%) was first allowed to flow, through the needle, to 
wash the blood out of the vessels, followed by a 10% formalin solution 
containing 2% calcium acetate and 2ml of 0.5% toluidine blue per 500ml of 
the solution. The perfusion with the 10% formalin solution was continued 
for about 5 minutes and the toluidine blue served as a marker to ascertain 
the circulation of the perfusing solution into the brain.
Fixation of the brain.
After perfusion the top of the skull was opened, to expose the 
brain, and the head stored in a solution of 10% formalin and 2% calcium 
’acetate for at least 2 days to complete the fixation of the brain.
Selection of the brain areas. •
Brains were carefully removed from the skull and 5 defined areas 
w^ ere selected, according to the atlas of the CNS of the laboratory rat
(Zeman & Innes, 1963), as follows:
1. The area A32 which is on the motor area and a frontal section
on this area will pass through the Telencephalon.
2. The area between A20 and A18 which is on the sensory area and
a frontal section on this area will pass through the Diencephalon.
3. The area between All and A9 which is still on the cerebellum and a
frontal section on this area will pass through the Mesencephalic- 
Metencephalic Junction.
4. The area A6 wliich is on the cerebellum and a frontal section on 
this area will pass through the upper level of Medulla Oblongata.
5. The area A5 which is on the cerebellum and a frontal section on 
this area will pass through the upper-middle level of Medulla 
Oblongata.
The sections from these five areas are expected to show a number of 
different brain nuclei and structures.
Paraffin wax embedding.
Dehydration, clearing and impregnation of the tissue was carried 
out by the use of a Histokinette automatic processor. The tissue was 
retained in the following reagents in the same order as they appear 
starting with the 70% alcohol.
Ethyl alcohol 70% for 4 hours
ii ii ii n n »>
M absolute " " "
ii ii ii ii ii ii ii
Toluene ” 20 minutes
ii ii ii ti ii
Paraffin wax M 1 hour at 60°C
(melting point = 56°C)
n " 11 11 11 in vacuum (400 to 500 mmHg) at 60°C
ii ii ii ii ii ii it ii it it ii
The same grade of paraffin wax was used for the blocking of the embedded 
tissue.
Cutting the sections.
Blocks were trimmed and fixed on the block-holder of a rotary
microtome and sections of 6y thickness were cut, floated on warm water in
a water bath (about 50°C). The sections were fixed to slide, using 
albuminized slides, and dried at 37°C in an oven overnight.
Gallocyanin staining
The Einarson Gallocyanin technique as modified by De Boer &
Sarnaker (1956) for nucleic acids was employed for staining the sections.
Prior to staining sections were kept for 2 to 3 minutes in 
each of the following reagents: xylene, absolute alcohol, 90% 
alcohol, 70% alcohol and finally rinsed in distilled water.
A. Preparation of the gallocyanin stain.
Three grams of Gallocyanin (G. Gurr Ltd. London) were
dissolved in a litre of distilled water and filtered. The 
filtrate was discarded and the filter paper with the residue was 
transferred into a -litre of 5% Chrome alum (chromic potassium 
sulphate) and heated in a boiling water bath for about an hour.
After cooling under tap water, it was filtered and the pH adjusted 
to 1.6 with 1% hydrochloric acid. It was filtered three more times, 
using fine filter papers, before being used. The stain was prepared 
48 hours before use and was discarded after a month.
B. Procedure.
Sections (6y thick) were stained in Gallocyanin stain for 24 
hours of more (depending on the age of the stain). They were then 
rinsed in water, which was acidified to. pH of 1.6 with 1% hydrochloric 
acid. Rinsing was repeated until no further dye could be removed. 
Dehydration was carried out by keeping the sections in ethyl alcohol 
of 70%, 90% followed by passing them through absolute alcohol for 2
to 3 minutes. Sections were put in xylene for about 5 minutes 
to help clearing. Finally, they were mounted using Clear Mount 
(E. Gurr, London).
Silver staining.
Silver% impregnation technique was used to stain the neuronal 
arborization. The method employed was a modification of that of 
Marsland, Glees & Erikson (1954) which was established after a 
number of trials,
A. Preparation of ammoniacal silver nitrate.
Of a 20% silver nitrate solution 30ml was added to 20ml of 
absolute alcohol and then strong ammonia solution was added 
drop by drop -until- the precipitate was dissolved. Then 3 to 4 
extra drops of ammonia was further added. This solution was always 
prepared fresh before use.
B. Procedure.
1. Paraffin wax was removed from the sections by leaving 
them in xylene for 2 minutes followed by a rinse with 
absolute alcohol to wash away the' xylene.
2. Sections were washed with distilled water and placed in 
a previously warmed 20% silver nitrate solution at 37°C 
for one hour.
3. The silver nitrate was removed by a rinse in 10% formalin 
solution in tap water for about 2 minutes.
Sections were blotted with a clean filter paper and 
placed in the ammoniacal silver nitrate solution, 1\ 
minutes for the sections from the control animals and up 
to 5 minutes for the sections from the malnourished rats. 
Immediate washing with 10% formalin in tap water for about 
2 minutes was then followed.
After a final rinse in tap water sections were toned in 
a 1% solution of yellow gold chloride (E. Gurr, London) 
for about one minute and they were fixed in a 5% solution 
of sodium thiosulfate for about one minute.
They were lvashed with distilled water and dehydrated 
through ascending grades of alcohol (70%, 90% and 
absolute).
Sections were finally cleared in xylene (2 minutes) and 
mounted in D.P.X. mountant (E. Gurr, London).
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The clinical details of the Jamaican ’control' and malnourished 
children, together with their age, weights and heights are shown in 
Tables 1.9 and 2.1 respectively.
Five of these children had kwashiorkor of which one was also • 
marasmic and one died of gastroenteritis and a third child was reported 
as anaemic. Another six (one had also kwashiorkor) suffered from 
marasmus; among these a child had also gastroenteritis and one died of 
cardiac failure. Eight of them were reported simply as malnourished 
children, of which three died of gastroenteritis, two were anaemic and 
another two died of bronchopneumonia while one was only malnourished.
Of the twelve Jamaican ’control’ children, one was stillborn and 
the others died of accute illnesses such as whooping cough, respiratory 
obstruction, diptheria, nephritis, pneumonia that are not known to affect 
the CNS.
The malnourished children varied' in age from 2\ to 24 months, 
and the 'control' children from 0 to 26 months. The body weights of the 
malnourished children expressed as a percentage of those expected in 
normal children of the same age, according to the 50th. percentile of
Boston Standards (Nelson, 1959), varied from 26% to 95%; however, 
this wide range may be-caused by some of the oedemic malnourished 
children. The heights of most of the malnourished children, and their 
weights for height, "were 80% or less of the normally expected values.
The body weights of the ’control* children (Table 1.9) were 64% 
to 91% and their heights 87% to 100% of those expected for age.
Reclassification of the Jamaican malnourished children was made 
(Table 2.2) on the basis of the recommendation of the Wellcome Trust 
Foundation (see page 8 ). Chilean children were also classified on 
this basis (Table 3.2).
The weights and percentage of water of the brain parts of the 
Jamaican ’control’ and malnourished children are shown in Tables 2.3 
and 2.4 respectively. The malnourished children had brains which were 
small for their age (Fig 2.1) but mostly heavy for their body weights 
(Fig 2.2); the magnitude of the discrepancy in brain weight in these 
children became greater with increasing age and with the severity of 
malnutrition. This is clearly shown by the child aged 22\ months with 
kwashiorkor and marasmus whose brain weight (597g) was that to be 
expected in a normal child of 5 to 6 months; the 3 months old child 
from Chile (Table 3-. 2) had a brain weight of 275g which was too small 
even for a newborn baby. The brains from the ’control’ and the mal­
nourished children could not be distinguished on the basis of their water
content (Tables 2.3 and 2.4).
The concentration of ganglioside-NANA, absolute amount and the 
percentage distribution amongst the different ganglioside species are 
shown in Tables 2.5 and 2.6 for the forebrains of the Jamaican ’control'
' and■malnourished children respectively. The values for the content of 
NANA in the forebrains (Table 2.5) suggest that, in the normal forebrains 
the concentration rises to a maximum of 597 yg/g-wet weight at 6 months 
of age and subsequently falls to a slightly lower value of about 524 
yg/g at 9 months. These data also suggest that there is a further slow 
decrease in concentration subsequent to this age. In most of the fore­
brains of the malnourished children the concentration of ganglioside-NANA 
appeared to be low for their chronological age (Table 2.6). Since the 
concentration of ganglioside-NANA in the forebrain apparently falls with 
increasing age the low values in the malnourished children could possibly 
be interpreted as representing an acceleration of a normal aging process. 
However, when the brain weight is taken into account, as it is when the
results are expressed as total amounts, and these are related to forebrain
weight as shown in Fig 2.3, it is seen that the total amounts of NANA in
the forebrains of malnourished children are not only low for the age but
also lower than expected for the forebrain weight; although the most 
severely malnourished child, aged 22\ months, had a normal amount of total 
NANA for the forebrain weight. Four of the ’control’ children, aged 10, 
11, 12^ and 18 months had relatively light brains compared to other 
controls who were from the same socioeconomical background and their
forebrains, therefore, contained low quantities of gangliosides.
These values have been excluded from Figs 2.3, 2.4 and 2.6 to avoid 
confusion. The disialoganglioside (in the nomenclature of Korey & 
Gonatas, 1963) accounts for the greatest percentage of the total 
gangliosides at all ages in both ’control’ and malnourished forebrains.
The amounts of G^ like the total amounts of gangliosides in the forebrains 
of the malnourished children were low for the weight.' (Fig 2.4) and this 
was true in the forebrain of the most severely malnourished child which 
contained a normal quantity of ganglioside-NANA for its weight. The 
amounts of G-^ , G^ and G^ gangliosides in the forebrains of the malnourished 
children were not reduced’ in the same way.
Tables 2.7 to 3.1 show the content and distribution of the 
gangliosides in the cerebellum and brainstem of the. ’control’ and 
malnourished Jamaican children. These results were more variable than 
those of the forebrain and did not present the same picture. The 
amounts of total NANA in the cerebellum (Fig 2.5) of the majority of 
the malnourished children were on the top of the curve for the ’controls' 
and indeed the values were high for the weight of the cerebellum of the 
4 malnourished children aged, 12, 12J, 17 and 22\ months. Unlike the 
forebrain, G^ was the major ganglioside in the cerebellum at all ages for 
all children. Due to the limited quantity of the freeze-dried samples 
available, the subfractionation of total gangliosides was not possible in 
most of the brainstems from the ’control’ children.
Table 3.2 shows the age, body weight, brain weight and the 
wholebrain ganglioside content and distribution, of the children, and 
the adult control, from Chile. The values given for the 43 year old 
adult control are based on the calculation from the three separately 
determined brain parts (forebrain, cerebellum and brainstem). Brains 
from the malnourished Chilean children had small total amounts of 
ganglioside-NANA for age and weight except in the 11 months old 
malnourished child, who had an adequate amount of gangliosides in the 
brain for its weight* and the two severely malnourished children aged 
3 and 10 months who had. amounts which, were high for. weight in the first 
and appropriate for weight in the second child. This condition resembled 
•that of the 22J month old Jamaican severely malnourished child who also 
had a value for the total amount.of.gangliosides in the brain which was 
appropriate for its weight. Two of the Chilean ’controls’ (6\ and 8§ 
months old) had the appropriate amounts of total'ganglioside-NANA in the 
brain for their weight when compared with the Jamaican ’controls'.
However, the 13 months old 'control' child had a very low ganglioside-NANA 
content for age and for brain weight. Further, the percent ganglioside- 
NANA as was very high in this child. G^ ganglioside-NANA accounted for 
the highest percentage of the total, in the wholebrain of all Chilean 
children, as it did in the forebrain of the Jamaican children.
The acetylcholinesterase activity of the brains of the Jamaican 
children are given in Table 3.3 and those of the Chileans are shown in
Table 3.4. Most'of the values were higher for the malnourished children; 
and the cerebellum appeared to have the highest activity among the three 
brain parts.
TABLE 1;9
CLINICAL DETAILS AND WEIGHTS AND HEIGHTS 
• OF THE JAMAICAN 'CONTROL* CHILDREN
Age
(Months)
Sex Diagnosis Body
ivt.
(kg).
Height
(cm)
Percentage expected 
Weight Height Weight 
for for for 
age age height
0 M* Stillborn 2.64 - 78 - -
1 p* Whooping Cough 2.90 51 71 97 87
6 F Gastroenteritis 5.44 63 73 96 82
9 M ii ii it 6.16 64 68 90 91
9 F ii ii ii 7.02 67 77 96 88
10 M . M ii ii 6.11 70 64 96 70
10 M Recovery from 
Bronchopneumonia 6.16 65 68 88 87
11 M Hydronephros is 7.40 65 74 88 104
121 M Respiratory
Obstruction 8.05 70 80 92 9i
18 F Diphtheria 9.20 79 80 98 85
24 M Nephritis 10.50 76 84 87 102
•26 E Pneumonia 11.80- 88 91 . 100 94
* M and F designate Male and Female respectively.
TABLE 2.1
CLINICAL DETAILS AND WEIGHTS AND HEIGHTS 
.OF THE JAMAICAN MALNOURISHED CHILDREN
Age
(Months)
Sex Diagnosis Body 
wt. 
(kg)
Height
(cm)
Percentage expected 
Weight Height Weight 
for for for 
age age height
91 F* Marasmus 2.48 49 47 85 83
3 F Malnutrition
Gastroenteritis 2.46 48 43 80 82
5
\
M* Malnutrition
Gastroenteritis 2.96 50 39 77 91
8 F Malnutrition
Gastroenteritis 4.50 55 52 80 102
10 M Kwashiorkor 9.00 72 95 99 97
10 M . Kwashiorkor
Anaemia 4.00 57 42 79 80
llj M Marasmus
Gastroenteritis 3.45 57 35 76 72
12 F Kwashiorkor • 
Gastroenteritis 7.20 68 71 91 89
121 F Malnutrition
Anaemia 5.50 67 54* 90 69
13 M Marasmus 
Cardiac failure 3.98 60 . 40 78 72
14 M Malnutrition
Bronchopneumonia 6.20 70 58 89 71
15 F Malnutrition
Anaemia 7.10 72 66 73 76
161 M Malnutrition
Bronchopneumonia 6.58 75 58 95 65
17 M Marasmus 3.20 65 29 80 50
181 M Malnutrition
Veno-occlusive
disease 7.70 78 67 95 72
20 F Marasmus 3.01 65 26 78 42
221 F Kwashiorkor
Marasmus 3.68 . 60 30 71 65
24 M Kwashiorkor 7.30 79 58 91 67
* F and M designate Female and Male respectively.
TABLE 2.2
RECLASSIFICATION OF THE JAMAICAN MALNOURISHED 
CHILDREN ACCORDING TO THAT SUGGESTED BY THE 
WELLCOME TRUST FOUNDATION
Age
(months)
Sex Clinical
Diagnosis
Reclassification
?i p* Marasmus Marasmus
3 F Malnutrition . 
Gastroenteritis Marasmus
5 M* Malnutrition
Gastroenteritis .Marasmus
8 F Malnutrition
Gastroenteritis Marasmus
10 M Kwashiorkor Kwashiorkor
10 M Kwashiorkor ’ 
Anaemia Marasmic Kwashiorkor
HI M Marasmus
Gastroenteritis Marasmus
12 F Kwashiorkor
Gastroenteritis Kwashiorkor
121 F Malnutrition
Anaemia Marasmus*
13 M Marasmus 
Cardiac failure Marasmus
14 M Malnutrition
Bronchopneumonia Marasmus
15 F . Malnutrition
Anaemia Kwashiorkor
16J M Malnutrition
Bronchopneumonia Marasmus
17 M Marasmus Marasmus
18i * M' Malnutrition 
Veno-occlusive disease Kwashiorkor
20 F Marasmus Marasmus
221 F Kwashiorkor
Marasmus Marasmus
24 M Kwashiorkor Marasmus
* F and M designate Female and Male respectively.
TABLE 2.3
WEIGHTS AND WATER PERCENTAGE OF THE 
BRAINS OF THE ’CONTROL' JAMAICAN CHILDREN
Age
(Months)
Brain
wt.
(g)
Weights (g)
FB* CB* BS*
Water content 
(g/lOOg fresh weight) 
FB CB BS
0 324.9 300 17.5 7.4 90.3 90.0 88.3
1 386.9 354 25.7 7.2 87.2 85.8 84.8
6 647.1 579 58.1 10.0 83.4 82.0 75.2
9 748.0 647 89.5 11.5 83.6 82.5 77.9
9 949.8 836 95.3 18.5 82.5 82.5 77.2
10 950.1 832 100.8 17.3 82.7 81.6 78.8
10 - 629 81.3 - 83.7 82.8 -
11 - 720 90.2 - 84.5 83.3 -
12J 785 - - 83.0 - -
18 ' 941.6 814 108.7 18.9 82.0 82.1 78.0
24 1040.4 898 124.0 18.4 82.9 82.7 79.5
26 1113.2 975 121.2 17.0 83.0 82.2 78.0
* FB, CB and BS designate Forebrain, Cerebellum and Brainstem 
respectively.
WEIGHTS AND WATER PERCENTAGE OF THE 
BRAINS OF THE MALNOURISHED JAMAICAN CHILDREN
Age Diagnosis Brain Water content
(Months) wt. Weights (g) (g/lOOg fresh weight)
Cri FB* CB* BS* FB CB BS
71 " 2 M+ 481.0 434 36.8 10.2 85.6 83.8 81.2
•3 Mai.+ - 410 33.8 - 89.2 87.5 -
5 Mai. 370 41.2 - 86.0 83.3 -
8 Mai. 706.6 627 71.8 7.8 86.0 85.3 79.2
10 K+ 817.7 713 92.0 12.7 85.1 83.9 80.2
10 K 678.7 594 72.7 12.0 85.0 83.7 84.0
111 M 595.5 510 72.3 13.2 85.6 83.9 84.3
12 K 799.5 690 94.1 15.4 84.8 85.4 80.5
121 Mai. 766.8 666 88.6 12.2 85.2 84.0 79.5
13 M - 522 81.3 - 84.5 83.5 -
14 Mai. - 656 91.1 - 82.1 84.1 -
15 Mai. 835.1 730 92.8 12.3 80.3 83.0 83.0
161 Mai. - 725 103.9 - ■ 83.2 82.8 -
17 M 725.9 632 81.4 12.5 84.2 84.5 78.5
181 Mai. 863.4 754 96.6 12.8 83.1 83.4 73.4
20 M - 641 84.6 - 83.7 83.4 -
221 K, M 596.7 519 67.1 10.6 85.3 84.6 82.1
24 K — 861 101.9 — 82.3 81.4
* FB, CB and BS designate Forebrain, Cerebellum and Brainstem 
respectively.
"f"
M, Mai. and K denote Marasmus, Malnutrition and Kwashiorkor 
respectively.
TABLE 2.5
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION AND
THE DISTRIBUTION OF THE MAJOR SPECIES, IN THE FOREBRAIN
(FB) OF THE ’CONTROL’ JAMAICAN CHILDREN
Age FB NANA____  Percent distribution of NANA as
(Months) .'Wt.
(g)
Fg/g mg/FB G1 G2 G3 G3
0 300 256 76.8 10.3 2.9 82.3 4.4
1 354 325 115,0 8.7 5.7 70.3 15.0
6 579 597 345.7 18.8 17.6 48.5 17.0
9 647 555 359,0 14.6 15.0 54.1 16.3
9 836 493 412.0 13.0 15.3 60.1 11.6
10 832 414 344.0 . 13.4 11.8 61.2 13.8
10 629 365 229.0 19.8 .17.4 •52.5 10.0
11 720 398 288.0 20.9 15.0 53.0 11.1
12J 785 378 297.0 17.4 15.7 54.0 12.8
18 814 319 259.7 14.8 18.1 51.0 16.0
24 898 428 384.0 16.7 11.9 61.9 9.6
26 975 386 376.3 16.1 12.4 62,1 9.1
TABLE 2.6
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION AND
THE DISTRIBUTION OF THE MAJOR SPECIES, IN THE FOREBRAIN
(FB) OF TIE MALNOURISHED JAMAICAN CHILDREN
Age Diagnosis FB NANA Percent distribution of NANA as
[Months) wt.
(g)
yg/g mg/FB G1 G2 G3 G4
71 - M+ 434 487 211.0 14.2 11.1 59.9 14.8
3 Mal.+ 410 408 167.1 16.2 7.6 64.0 11.7
5 Mai. 370 251 92.6 20.1 16.5 52.0 11.4
8 Mai. 627 485 304.1 16.7 14.0 41.8 27.4
10 K+ 713 469 334.0 21.9 14.2 42.0 22.1
10 K 594 440 261.0 14.5 11.7 57.9 15.9
111 M 510 422 215.0 19.7 10.4 53.6 16.3
12 K 690 350 241.1 13.7 10.0 46.2 30.0
121 Mai. 666 451 300.4 16.7 13.1 59.1 11.1
13 M 522 295 154.0 22.4 18.2 45.9 13.6
14 Mai. 656 239 157.0 23.2 17.1 44.5 15.1
15 Mai. 730 410 229.3 20.1 16.3 51.5 12.4
161 Mai. 725 358 260.0 22.0 16.8 47.9 13.4
17 M 632 316 200.0 14.5 14.9 45.6 25.0
181 Mai. 754 343 258.6 16.2 15.4 56.1 12.2
20 M 641 336 215.0 19.4 18.6 49.8 12.6
221 K, M 519 596 309.0 38.1 21.2 28.6 12.0
24 K 861 306 262.0 20.8 12.3 52.2 14.6
M, Mai. and K denote Marasmus, Malnutrition and Kwashiorkor - 
respectively.
TABLE 2.7
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION AND
THE DISTRIBUTION OF TIE MAJOR SPECIES, IN THE
CEREBELLUM (CB) OF THE 'CONTROL1 JAMAICAN CHILDREN
Age CB NANA Percent distribution of NANA as
(Months) wt. Ug/g mg/CB G1 G2 G3 G4
 _________Cg? ____________ _______________ _______________
0 17.5 180 3.15 41.9 20.7 16.7 20.7
1 25.7 227 5.80 38.9 17.5 38.9 4.5
6 58.1 341 19.80 43.7 24.9 26.8 4.5
9 89.5 489 43.80 48.7 24.0 22.3 5.0
9 95.3 • 370 35.20 52.7 17.2 24.4 6.9
10 100.8 368 37.10 40.1 23.2 28.5 8.2
10 81.3 418 34.10 52.0 22.6 21.8 3.6
11 90.2 371 33.50 45.9 19.9 27.8 6.6
121 102.0 398 40.70 41.2 25.7 25.1 8.0
18 108.7 324 _ 33.10 40.4 26.9 22.9 9.5
24 124.0 314 39.00 40.5 27.6 20.7 11.0
26 121.2 367 44.50 38.6 22.7 30.1 8.5'
TABLE 2.8
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION AND
THE DISTRIBUTION OF THE MAJOR SPECIES, IN THE
CEREBELLUM (CB) OF THE MALNOURISHED JAMAICAN CHILDREN
Age
(Months)
Diagnosis CB
wt.
(g)
NANA Percent distribution of NANA as
yg/g mg/CB G1 G2 G3 G4
91 “  2 M+ 36.8 286 10.5 33.8 28.4 23.4 14.4
3 Mai.+. 33.8 300 10.1 37.7 32.5 22.1 7.8
5 Mai. . 41.2 380 15.6 50.8 25.7 ■ 20:3 3.4
8 Mai. 71.8 235 16.9 31.8 ‘ 34.7 23.0 10.5
10 K+ 92.0 419 38.5 39.0 38.1 ■17.4 5.3
10 K 72.7 435 31.6 53.0 19.2 23.3 4.5
111 M 72.3 369 26.7 53.8 30.4 15.2 0.5
12 K 94.1 508 47.8 48.3 18.6 21.1 11.9
12 j Mai. 88.6 536 47.5 • 59.0 24.4 18.0 0.4
13 M 81.3 302 37.1 51.8 19.5 23.0 5.8
14 Mai. 91.1 428 39.0 52.2 20.8 22.3 4.2
15 Mai. 92.8 327 30.3 40.3 25.0- 27.7 6.6
16 i Mai. 103.9 410 42.5 49.8 18.6 24.6 7.2
17 M 81.4 529 43.0 41.3 24.2 24.2 10.2
18J Mai. 96.6 343 33.1 50.7 21.2 22.2 5.8
20 M 84.6 425 36.0 45.5 20.7 26.8 7.4
22 j K, M 67.1 508 34.0 47.4 23.2 23.2 6.1
24 K 101.9 374 38.2 49.3 18.0 26.9 6.0
•j-
M, Mai. and K denote Marasmus, Malnutrition and Kwashiorkor 
respectively.
TABLE 2.9
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION
AND THE DISTRIBUTION OF THE MAJOR SPECIES, IN THE
BRAINSTEM (BS) OF THE ’CONTROL' JAMAICAN CHILDREN
Age BS NANA Percent distribution of NANA as
' (Months) wt. yg/g mg/BS G1 G2 G3 G4
fg) ___________
0 7.4 219 1.6 41.8 22.7 23.6 11.8
1 7.2 235 1.7 18.1 24.8 50.3 7.1
6 . 10.0 179 1.8  ^ ;r
9 11.5 209 2.4‘
9 18.5 211 3.9
t   ^ -
18 18.9 222 4.2
24 18.4 201 3.7
26 17.0 249 4.2 36.7 38.3 16.7 8.3
TABLE 3.1
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION
AND THE' DISTRIBUTION OF THE MAJOR SPECIES, IN THE
BRAINSTEM (BS) OF THE MALNOURISHED JAMAICAN CHILDREN
Age
(Months)
Diagnosis BS
wt.
(g)
NANA Percent distribution of NANA as
yg/g mg/BS Gi G2 G3 G4
M+ 10.2 217 . ,2.2 19.5 36.2 27.2 16.9
8 Mai.+ 7.8 205 1.6 33.3 27.6 20.7 18.4
10 K+ 12.7 164 2.1 22.6 28.9 20.5 27.9
10 K . 12.0 261 3.1 27.3 26.5 29.0 17.1
■Hi M 13.2 318 4.2 29.9 31.5 31.1 7.4
12 K 15.4 226 3.5 30.2 41.9 19.8 8.1
121 Mai. 12.2 266 3.2 30.6 28.2 32.2 9.3
15 Mai. 12.3 273 3.3 - - - -
17 M 12.5 333 4.2 24.9 31.2 29.7 13.4
181 Mai. 12.8 161 2.1 26.3 32.1 29.0 12.4
221 K, M 10.6 104 1.1 38.2 30.1 29.1 1.8
M, Mai. ^nd K denote Marasmus, Malnutrition and Kwashiorkor 
respectively.
TABLE 3.2
THE TOTAL GANGLIOSIDE-NANA CONTENT, CONCENTRATION
AND THE DISTRIBUTION OF THE MAJOR SPECIES, IN THE
BRAINS ..OF CHILDREN AND THE ADULT FROM CHILE
Age
(Months)
Diagnosis Body Br'ain 
wt. wt. 
(kg) (g)
NANA Percent distribution of NANA as
Fg/g mg/brain G1 G2 G3 G4
3 K 3.45 275.5 122 33.5 11.2 8.3 57.5 23.0
4 K 4.45 542.6 240 130.2 10.0 .6.7 73.3 10.0
6 M 2.50 408.8 120 49.0 6.5 13.0 59.0 21.0
6i N* - 619.1 440 272.4 14.4 17.3 42.6 25.7
8 Mai.* - 600.2 428 256.9 18.0 12.5 50.0 19.6
81 N 7.10 877.8 436 382.7 22.0 14.0 54.8 9.0
10 M 4.90 522.2 512 267.4 19.0 17.5 44.0 19.5
11 M 5.35 978.7 420 411.0 29.0 19.0 37.0 14.8
13 N 9.30 946.0 240 227.0 11.5 11.5 41.0 36.1
15 Mai.* - 726.0 512 351.7 9.2 7.9 73.7 9.2
25 K 8.50 831.3 272 226.1 1.6 9.7 58.0 30.6
12 yrs. . - V. ■ 1237.0 280 346.3 2.5 •22.5 65.0 10.0
43 yrs. - 1451.0 210 417.3 26.4 30.5 33.7 9.2
Control = N, Malnourished = Mai., Kwashiorkor = K and Marasmus = M. 
* Judged from the brain weight to be malnourished or control.
TABLE 3.3
ACETYLCHOLINESTERASE ACTIVITY (moles substrate 
hydrolyzed/min.x 10 6/g tissue) IN THE BRAIN PARTS 
OF JAMAICAN MALNOURISHED AND ’CONTROL* CHILDREN
Age
(Months)
Diagnosis Forebrain Cerebellum Brainstem
0 Stillborn 1.29 1.32 2.70
1 IVhooping Cough 1.58 5.45 2.58
?i “ 2 Marasmus 1.26 . 3.76 3.10
6 Gas troenteritis 0.70 2.70 0.57
8 Malnutrition,
Gastroenteritis 1.23 2.10 2.31
9* Gastroenteritis 1.94 • 5.74 4.46
9+ it m it 0.67 2.02 2.47
10 ii H it 0.44 2.65 ‘ 2.13
10 Kwashiorkor 1.12 4.05 “•2.30
10 Kwashiorkor,
Anaemia 1.66 2.71 _
111 Marasmus, 
Gastroenteritis . 1.99 4.50 4.08
12 Kwashiorkor, 
Gastroenteritis 1.98 4.07 3.87
121 Malnutrition,
Anaemia • 0.90 3.30 3.08
15 Malnutrition,
Anaemia 0.80 3.09 —
17 Marasmus 1.58 5.45 2.58
18 Diphtheria 1.97 5.25 4.00
181 Malnutrition, 
veno-occlus ive 
disease 0.75 2.71 1.04
22| ' Kwashiorkor,
Marasmus 1.86 9.50 5.90
24 . Nephritis 1.72 9.47 5.45
26 Pneumonia 0.78 2.95 1.90
* Body weight = 6.16 kg. 
+ " . " = 7.02 kg.
TABLE 3.4
ACETYLCHOLINESTERASE ACTIVITY (moles substrate 
hydrolyzed/min. X 10 ~6/g) IN THE BRAINS. OF 
CHILEAN CHILDREN AND THE ADULT
Age
(Months)
Diagnosis Wholebrain
3 K 2.04
4 K 1.75
6 M. 3.73
61 N* 2.75
8 Mai. * 1.81
H N 2.04
10 M '3.44
11 M • 2.24
13 N 1.32
15 ‘ Mai. * 2.47
25 K 2.04
12 years - 2.27
+
43 years 1 = 0.04
2 = 0.17
3 = 0.09
Control = N, Malnourished = Mai., Kwashiorkor = K and Marasmus = M.
* Judged from the brain weight to be malnourished or control.
+ For the 43 year old adult, numbers 1, 2 and 3 represent values for 
the forebrain, cerebellum and brainstem respectively.
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DISCUSSION
In animal experiments care is taken to obtain material from 
populations that are genetically inbred and therefore reasonably 
homogeneous. They can be subjected to a predetermined period of 
malnutrition, the kind and severity of which has also been determined.
Human material is, however, obtained from individuals who differ from 
one another to a greater or a lesser degree in each of these factors.
The malnourished children whose brains were included in this study had 
body weights which were between 26% and 67% of that expected for their 
age with the exception of the two apparently oedematous children with 
kwashiorkor whose body weights were 71% and 95% of that expected for age. 
Height was also affected in the malnourished children and most of them 
had heights which were less than 85% of that expected for age.
The values for height as a percentage of that expected for age 
give an indication of the length of time over which the children were 
malnourished and this influences the effect of malnutrition on the brain 
weight. Thus, one of the 10 months old children with kwashiorkor had a 
height for age that was 99% of that normally expected and probably died 
of an acute episode of kwashiorkor. The weight of the brain of this child 
was comparable with that of one of the ’control' children of 10 months and 
also with that of the 'control' at 11 months. This child is to be compared 
with the other 10 months old one with kwashiorkor and anaemia whose height 
for age was 79% of that expected for age and whose brain was considerably
lighter. The malnutrition in this case had evidently been of a more 
chronic nature. Similar differences in the duration of malnutrition 
probably account for the wide scatter of values for the brain weight of 
a group of malnourished Ugandan children in relation to chronological age 
(Brown, 19’66). Most of the brain weights found in our study of Jamaican 
children were not as low as those found by Rosso, Hormazabal & Winick 
(1970) in a group of marasmic Chilean children. It is, however, known 
that in Chile many children are undernourished from an earlier age than 
those in Jamaica. The effect of age on the magnitude of the deficiency in 
brain weight was seen also in.the present study. When brain weight was 
related to body weight the brain of the malnourished children tended to 
be too heavy- for the body.
The concentration of total gangliosides. in the forebrain appeared 
to be low for their chronological age; the picture is, however, complicated 
by the changes that occur during development for, on the small number of 
samples available, the concentration rose to 9 months of age and then 
subsequently fell, possibly due to the continued rise in the myelin lipids. 
The deficit in total gangliosides in the forebrain of the malnourished 
children is more clearly shown when they are expressed as total amounts 
per forebrain and in many of the malnourished children these have been found 
to be too low even for the brain weight. There were, however, some 
exceptions, and these were sometimes in children in which the malnutrition 
had evidently been very acute (e.g. the 2\ -months and 3 months old children) 
or those in which it had been very severe (e.g. the 22\ months old child
who weighed only 3.68kg). The amount of the principal ganglioside G^, 
in the nomenclature of Korey & Gonatas (1963), was reduced even when, as 
in the very malnourished child aged 22J months, the amount of total 
gangliosides appeared to be normal for the brain weight. The amount of 
DMA was determined in the same brains (Winick.- et al. 1970) and 
reported to be too small for the chronological age of the children. The 
amount of DNA in the forebrain was, however, too small for its weight and 
Fig 2.6 shows that the forebrains of malnourished children that contained 
too little ganglioside also contained too little DNA with a correlation 
coefficient of 0.83. This correlation suggests that at least part of the 
deficit in DNA in the forebrains of the malnourished children may have 
been due to a deficit in the number of neurones;. However, it is always 
stated that the number of neurons in the human brain lias attained the 
adult value by the time that a baby is born.’ The correlation between the 
DNA and ganglioside content was also present in the rat brainstem.
In the cerebellum and brainstem of the malnourished children the 
deposition of gangliosides was more variable possibly due to the 
differences in timing, severity and duration of the type of malnutrition 
from which these children had suffered. The cerebellums did, however, 
appear to contain amounts of gangliosides that were high for the weight.
Cholesterol was measured as an index of myelination in these brains 
by Dickerson (unpublished results). There were very few of the malnourished 
children that had low values for cholesterol even when plotted against
chronological age. When the concentration of cholesterol in the 
wholebrain was, however, plotted against brain weight, all values fell 
on a straight line. Thus, it is concluded that, although the brain 
growth of the children was retarded by malnutrition, the cholesterol 
concentration, contrary to the ganglioside concentration, was nevertheless 
appropriate for the brain weight.
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I. GROWTH AND DEVELOPMENT
A. Body weight brain weight and age.
The curve for the gain in body weight with age of the normal pigs 
studied extending in age from foetus of 93 days gestation to adults of 
30 months (Fig 2.7) had the characteristic sigmoid shape. The period of 
rapid growth postnatally continued for one year -and there was little 
increase in body weight after this period. The curve for the increase 
in brain weight (Fig 2.8) was of similar shape, but the brain weight 
continued to rise by a further 27g after 12 months of age.
B. Ganglioside content and pattern of the brain parts.
The developmental pattern of ganglioside concentration in the 
parts of the pig brain, from the 93 day old foetus to the 30 month old 
adult is shown in Fig 2.9. In the forebrain, the concentration of total 
ganglioside-NANA rose sharply during the latter part of gestation to a 
peak value at birth. A subsequent fall to 9 weeks of age was followed by 
a rise to an almost mature value at 5 months. In the cerebellum, the 
highest concentration was found rather later, at 7 weeks of age, and in 
this part of the brain the value fell after 9 weeks to a near mature value 
at 5 months. In the brainstem, there was only a slight rise in 
concentration during the latter part of gestation to a peak value at birth. 
The concentration subsequently fell to, again, a near mature value at 5 
months.
When expressed as amounts per brain part (Fig 3.1), the amount 
of NANA in the -forebrain rose before birth, remained almost constant 
during the first 9 weeks of postnatal life, and subsequently rose to a 
near adult value by 5 months. The amount of NANA per cerebellum rose 
more rapidly to reach an almost adult value at 9 weeks after birth. In 
the brainstem, the greatest rise took place before birth and the adult 
amount was present by 7 weeks. In each part of the brain, forebrain 
(Fig 3.2), cerebellum (Fig 3.3) and brainstem (Fig 3.4) the pspcentage 
distribution of the four major gangliosides had the mature pattern at 
birth. Of the four major gangliosides, G^ ,. G2, G^ and.G^, G^ accounted 
for most of the gangliosides in the forebrain and G-^ most of gangliosides 
in the cerebellum and brainstem. Values for the percent distribution of 
ganglioside-NANA in the brain parts of the control and the malnourished 
animals are given in Tables 1 to 5 in the appendix.
The absolute amounts of NANA in the three parts of the brain have 
been summated to obtain the amount in the wholebrain. Fig 3i5 shows that 
the amount rose before birth, changed little during the first 6 to 8 weeks 
after birth, and subsequently rose to a near adult value by 5 months. In 
absolute terms, the increase during this latter period amounted to about 
30mg NANA per brain. The amount in the forebrain increased by over 2.5 
times and that in the cerebellum by some 1. 4 times during this period', 
whilst there was no increase in the amount in the brainstem.
The body weights and the weight of the brain parts as well as their
ganglioside concentration and content of the normal, malnourished and 
the rehabilitated pigs are given in the order, in Tables 6 to 13 
in the appendix.
II. MALNUTRITION BEFORE BIRTH
Foetuses and new bom piglets that were smaller (runts) than 
their littermates were considered to have suffered from prenatal 
malnutrition. The body weight of the runts studied (Table 3.5) was in 
some cases as small as a third of that of their large littermates. The 
brain weight of the runts at birth was less than that of their controls 
of the same age, but greater than that of the 93 day old foetuses of 
similar body weight. The weight of the forebrain as a percentage of the 
wholebrain was similar in the runts and their large littermates and lower 
than in the foetuses. This difference was accounted for by the considerable 
-■growth of the cerebellum during the latter part of gestation (Table 3.6).
The concentration of ganglioside-NANA and its distribution amongst the 
four major gangliosides in the forebrain of the runts was- also similar to 
that in the large littermates. The concentration was much higher than in 
the foetus of similar body weight. The proportions of the total NANA 
present as and G^ in the runts were, however, less than in the foetuses 
whilst the proportion present as G^ and G^ were higher.
The cerebellums of the runts at birth (Table 3.6) were rather 
closer in weight to those of their large littermates than were the fore­
brains and weighed over twice as much as those of the foetuses. The 
values for the gangliosides were also very similar in the runts and large 
littermates, but, again, the concentration was higher and the distribution 
was of a more mature pattern than in the foetuses.
The brainstem (Table 3,7 ) showed even smaller differences between 
the runts and their large littermates for in this part even the mean 
weight was the same. Again, however, there were small differences between 
the runts and the foetuses of similar body weight. Thus, the mean value 
for the concentration of ganglioside-NANA was higher. The percentage 
distribution of the major gangliosides was almost the same in the runts and 
foetuses.
The brain of one runt foetus of 104 days of gestation was compared - 
with the brains of two large littermates. The brain of the runt was 
smaller but there was no difference in either the concentration of 
gangliosides or the distribution.
III. POSTNATAL MALNUTRITION
Malnutrition after birth resulted in a severe retardation in body 
weight (Fig 2.7). One year old undernourished (calorie deficient) pigs 
had a mean weight of only 6.1kg and one year old protein deficient ones 
17.0kg (Table 7 in the appendix), while normally reared pigs of the 
same age had a body weight of over 200kg (Table 6 in the appendix).
Hie one year old calorie deficient animals had brains which weighed about 
68% of that expected for age (Fig 2.8), whilst those of the protein
o
deficient animals was around 75%. Normal pigs of the same body weight
as the one year old undernourished pigs, were only 5 weeks old and those
for the one year old protein deficient ones aged 7 weeks. These body
%
weight control animals had brains which were smaller than those of the 
malnourished animals. Normal animals with brains of similar weight to 
those of the malnourished pigs (the brain weight controls) were also 
much younger but weighed about four times as much as the malnourished 
animals. The weight of the brain parts as the percentage of the 
wholebrain did not seem to have been affected by malnutrition.
The concentration of ganglioside-NANA in the forebrain of the 
calorie deficient pigs was found to be similar to that of the protein 
deficient ones (Table 3.8). However, these values were significantly 
(p<0.001) higher than that in the brains of normal animals of the same 
age or in normal brains of the same weight. They were comparable with the 
value for younger normal pigs of 5 months of age (Table 10 in the appendix).
The concentration of ganglioside-NANA in the cerebellum of the calorie 
deficient animals was significantly (p<0.001) lower than that of the 
protein deficient ones and that of the age controls (Table 3.8). In the
o
brainstem, like the forebrain, there was no difference between the 
concentration of ganglioside-NANA in the calorie deficient and the protein 
deficient animals and again the value was high for age and corresponded to 
the value for the normal pigs of between 9 weeks and 5 months of age.
In absolute terms, the forebrain of the malnourished animals had 
appropriate amounts of the gangliosides for the age but significantly 
(p<0.01) more than that of the normal forebrains of the same weight (Table
i
3.8). In the cerebellum the absolute amounts of ganglioside-NANA in the 
undernourished pigs was 74% of that of the protein deficient ones (Table
3.8). The amount in cerebellum of the undernourished animals was in fact
similar to that in a normal pig 7 weeks of age, whilst the amount in the
cerebellum of the protein deficient animals was similar to that in normal 
animals 9 weeks of age. The value for the brainstem of the calorie 
deficient animals was lower (p<0.05) than that for the protein deficient 
animals and was similar to that of the age controls, the brain weight
controls and the normal animals of 7 weeks of age.
When the ganglioside content was plotted against the weight, 
forebrain of both the undernourished and protein deficient animals contained 
significantly (p<0.01) larger amounts of gangliosides for the weight
(Fig 3.6). The cerebellum of the calorie deficient pigs contained 
particularly small quantities of gangliosides for the weight (Fig 3.7)*
In the brainstem, the total amount of gangliosides in the protein deficien 
animals was high for the weight (Fig 3.8) whilst that in the calorie 
deficient ones appeared to be normal.
It will be recalled that the distribution of the major gangliosides 
in the different parts of the brain of the pig had attained a mature 
pattern in the newborn animal. It was, . therefore, not surprising that 
the pattern in the postnatally malnourished animals was normal.
IV. REHABILITATION
During rehabilitation gain in body weight took place at a very 
rapid rate and after a period of about one year the body weight of 
rehabilitated animals was close to that of the controls (Fig 2.7).
After 6 months of rehabilitation the weights of all three parts of the 
brain were normal for age but when rehabilitation continued for 16 months 
the malnourished pigs had forebrains which were about 80% of that expected 
for age (Table 3.9). That is the increase in weight that occurred in the 
normal animals between 16 and 30 months of age did not occur in the 
rehabilitated animals. The brain weight as a percentage of the body 
weight for the malnourished pigs after 16 months of rehabilitation was 
0.05%, whilst the corresponding value for the age controls was 0.06%.
After 6 months rehabilitation the concentration of ganglioside-NANA 
in the forebrains of the undernourished pigs had fallen, but the value was 
still high compared with that in the forebrains of control animals of the 
same age (Table 3.9). Rehabilitation for a further 10 to 17 months resulted 
in a further reduction in the concentration to a level similar to that 
found in control animals of the same age. After 6 months rehabilitation 
of the protein deficient animals the concentration of ganglioside-NANA in 
the forebrain had fallen to a normal level for the animal’s age. In the 
cerebellum, 6 months rehabilitation removed the difference that had been 
found between the malnourished animals, and the concentration of ganglioside- 
NANA in both the undernourished and protein deficient pigs was significantly
(p<0.05) lower than in the controls of the same age. As in the forebrain, 
however, the difference disappeared on further rehabilitation. The 
concentration of ganglioside-NANA in the brainstem, as in the other 
parts, fell during rehabilitation and there were no differences, in 
concentrations between the previously malnourished animals and their 
controls.
The total ganglioside-NANA in the forebrain was normal for age 
after 6 months of rehabilitation in both the malnourished groups. •
However, after 16 months of rehabilitation the total amount w^ as low for 
aSe (p<0.05} in both the undernourished and the protein deficient pigs 
due to lighter brains of the malnourished animals (Table 3.9). In the • 
cerebellum after 6 months of rehabilitation the absolute amounts of 
ganglioside-NANA, like the concentration, was low for age in both the 
malnourished groups, however, on further rehabilitation the protein 
deficient pigs had smaller amount of gangliosides, in the cerebellum, 
than the age controls (p<0.01) and than the calorie deficient ones (p<0.01). 
The absolute amounts of ganglioside-NANA after 6 months of rehabilitation 
in the brainstem of the protein deficient animals tended to be higher than 
the age controls and the calorie deficient animals. The latter animals 
had the normal amount of gangliosides for age. When rehabilitated for a 
total of 16 months the absolute amount in the brainstems of the protein 
deficient pigs tended to be lower than that of the calorie deficient 
animals but was not low for age.
When comparisons were made on the basis of weight, rehabilitation 
for 6 months resulted in the normal amount of gangliosides for weight in 
the forebrain of both groups of malnourished pigs and this remained so on 
further rehabilitation (Fig 3.6). In the cerebellum, the amount of total 
gangliosides for weight was only slightly increased after 6 or 16 months 
of rehabilitation in both malnourished groups, and the values, therefore, 
remained low for weight (Fig 3.7). In the brainstem the absolute amount of 
gangliosides was normal for weight in both types of previously malnourished 
animals (Fig 3.8).
The percentage distribution of the four major gangliosides in the 
parts of the brains of the rehabilitated animals (Tables 2, 4 and 5 in 
the appendix) was similar to that in the controls.
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TABLE 3.5
EFFECT OF PRENATAL MALNUTRITION IN THE PIG ON THE
WEIGHT AND GANGLIOSIDE CONTENT OF THE FOREBRAIN
Values are means and ranges for the number of animals 
in parantheses after the descriptions.
Age
Foetus
93 days (3)
Newborn
’runt1 (4) large littermate (4)
Body weight (g) 673
(650-696)
641
(455-751)
1620
(1510-1800)
Forebrain weight (g) 19.1
(18.8-19.5)
22.9
(22.3-24.4)
26.6
(25.8-28.0)
Forebrain weight as % 
wholebrain
89.6 81.0 82.0
Ganglioside-NANA (yg/g) 374
(355-395)
629
(602-663)
637
(616-681)
Ganglioside-NANA
(mg/forebrain)
7.15
(6.76-7.71).
14.41
(13.73-14.84)
16.98
(16.03-18.26)
G^ NANA as % total 
NANA
27.5
(26.6-28.0)
25.4
(22.8-28.4)
24.4
(22.2-25.5)
G^ NANA as % total 
NANA
13.7
(13.2-14.4)
18.8
(16.2-20.3)
16.7
(14.5-17.9)
G^ NANA as % total 
NANA
50.3
(50.0-50.8)
45.3
(42.1-46.5)
47.2
(44.2-52.4)
G^ NANA as % total 
NANA
8.3 
(8.1-8.5)
9.7 
(8*. 9-9.8)
11.1
(10.8-11.2)
TABLE 3.6
EFFECT OF PRENATAL MALNUTRITION IN THE PIG ON THE
WEIGHT AND GANGLIOSIDE CONTENT OF THE CEREBELLUM
Values are means and ranges for. the number of animals 
in parantheses after the descriptions.
Foetus Newborn
Age 93 days (3) 'runt* (4) large littermate
Cerebellum weight (g) 1.3 
(1.2-1.3)
2.8 
(2.7-3.0)
3.3 
(3.1-3.5)
Cerebellum weight as 
% wholebrain
6.07 9.90 10.20
Ganglioside-NANA yg(g) 295
(284-310)
425
(395-450)
417
(400-436)
Ganglioside-NANA
(mg/cerebellum)
0.374
(0.339-0.415)
1.20
(1.19-1.25)
1.38
(1.31-1.55)
G^ NANA as % total 
NANA
40.1
(36.7-42.4)
43.7
(45.7-50.3)
46.6
(45.0-50.0)
NANA as % total 
NANA
23.2
(20.7-24.8)
27.1
(25.8-30.2)
28.5
(25.3-31.6)
G^ NANA as % total 
NANA
29.3
(26.0-32.3)
20.0
(19.1-22.0)
19.2 
(18.2-22.6)
G^ NANA as % total 
NANA
6.5 
(6.1-7.0)
6.0 
(5.4-6.7)
5.8 
(5.0-6.6)
TABLE 3.7
■EFFECT OF PRENATAL MALNUTRITION IN THE PIG ON TIE
WEIGHT AND GANGLIOSIDE CONTENT OF THE BRAINSTEM
Values are means and ranges for the number of animals in 
parantheses after the descriptions.
Age
Foetus Newborn
93 days (3) 'runt1 (4) large littermate (4)
Brainstem weight (g) 1.0 
(0.9-1.1)
2.4 
(1.7-2.7)
2.4 
(1.8-3.1)
Brainstem weight as % 
wholebrain
4.68 8.50 7.4
Ganglioside-NANA (yg/g) 376
(340-407)
445
(408-470)
433
(389-464)
Ganglioside-NANA
(mg/brainstem)
0.380
(0.367-0.399)
1.06
(0.97-1.27)
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THE 
TOTAL 
GANGLIOSIDE-NANA 
IN 
THE 
WHOLEBRAIN 
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V. DISCUSSION
In the pig, the growth spurt of the brain occurs after that for 
the body (Dickerson & Dobbing, 1967). A newborn piglet weighed about
0.69% of that of a one year old pig whereas about 20% of the brain weight 
was present at birth. In agreement with the results given by Dickerson & 
Dobbing (1967) the brain weight increased by about 25% between 1 and 3 
years of age.
Malnutrition before or soon after birth retarded severely the 
growth of the body and the brain. Animals undernourished for a year after 
birth were more severely retarded, in body weight and brain weight, than 
the comparable protein deficient pigs. The brain growth was always much 
less retarded.than the body and this resulted in a brain which was too 
small for age and too heavy for weight in the malnourished animals. Similar 
findings have been reported by Platt, Pampiglione & Stewart (1965) and 
Dickerson et al. (1967). The growth of all three brain parts was 
proportionally retarded as a result of malnutrition.
On rehabilitation, although the body weight rose rapidly, after 6 
months the undernourished and the protein deficient pigs still weighed too 
little for their age and after 16 months they reached the expected value 
for age. This finding is contrary to that reported by Lister & Me Cance 
(1967) but it is probably accounted for by the small number of animals in 
this study.
The weight of all three brain parts increased on rehabilitation 
but a complete recovery was not. attained. When compared to the normal 
pigs of the same age, the brain weight was normal after 6 months 
rehabilitation, but the additional growth that occurred in normal animals 
after this age did not occur in the previously malnourished animals. •
Ganglioside deposition started before birth in all three parts of 
the brain of normal pigs and the concentration reached a peak in the 
forebrain and brainstem at birth, while in the cerebellum a higher peak 
was attained at 7 to 9 weeks. However, on the basis of absolute amounts, 
the increase in the forebrain reached a plateau from birth and remained at 
the same level for about 7 weeks after birth. The sharp fall in the 
concentration in this period was therefore due to the rapid growth of the 
brain. In the cerebellum the absolute amount reached the peak at 9 weeks 
postnatal and this was about the adult value. The brainstem contained the 
adult absolute amounts at about 7 ivreeks.
When the absolute amounts are considered per wholebrain, there was 
an increase before birth and no further deposition of gangliosides took 
place for about 7 weeks. The pattern for the wholebrain was similar to 
that of the forebrain and this is readily understandable from the heavy 
weight of the forebrain compared to the other two parts.
It is therefore concluded from these results that the developmental 
changes of the gangliosides in the three parts of the brain examined, are
not similar and any developmental studies carried out on different 
brain parts would be more precise and informative.
There is no report available on comparable studies in the pig but
■ *> '
the results from the present work will be discussed and compared with 
those obtained from the rat studies.
Dickerson & Dobbing (1967) have studied the rate of increase in 
the brain weight and the amount of DNA and cholesterol in the pig brain. 
The rate of the deposition of gangliosides in the wholebrain (calculated 
from the sum of the brain parts) of the pig was plotted on the same graph 
published by the above authors, for the brain weight, DNA and cholesterol 
(Fig 3.9).
It is noted from this figure, that the deposition of gangliosides 
started well before that of the cholesterol and it took place at a more 
rapid rate prenatally followed by a sharp decrease in rate after birth to 
almost nil at 5 weeks with a subsequent increase to 9 weeks of age.
After birth the sharp decrease in the rate of ganglioside deposition 
corresponded to the increase in the value for that of cholesterol. After 
9 weeks, the rate of cholesterol deposition gradually fell whereas that 
for the gangliosides was unchanged until 21 weeks of age.
Therefore, the developmental pattern of gangliosides in the pig 
brain is different from that of the cholesterol. This is in agreement 
with the fact that the changes in cholesterol are principally due to the
process of myelination whereas there is very little ganglioside in 
myelin (Suzuki, 1970). The changes in gangliosides may reflect 
principally changes in dendritic development.'
In piglets whose growth has been retarded before birth the 
concentration of gangliosides in the brain, as fwell as their distribution 
with respect to the major gangliosides, were similar to those in normal 
animals of the same age. This was true for all three brain parts; the 
absolute amount was therefore reduced in proportion to the brain weight. 
However, when the brains of these ’runts* were compared with those of body 
weight controls (foetuses), both the concentration and the content was 
higher in the ’runts’ but the distribution of the major gangliosides was 
similar in all of these animals. This shows that a premature piglet which 
had a shortened gestation period, had a less mature brain than a piglet of 
the same weight but of normal gestational age. The brains of the runt 
piglets were also not so well developed with respect to the ganglioside 
content, as those of their normally nourished littermates.
A calorie deficient diet fed to piglets for a year after birth, 
resulted in a higher concentration of gangliosides in the forebrain for 
age and this led to a high ganglioside content for weight, but one that 
was.still low for age. The cerebellum was severely affected in these 
animals and contained an amount of gangliosides that was too small for 
weight. The undernutrition in these animals occurred over the period when 
the ganglioside content was normally rising rapidly, and the fact that the
nutritional deficiency caused a reduction seems to be in agreement with 
Dickerson & Dobbing’s (1967) hypothesis concerning vulnerable periods.
The brainstem was not affected in these animals.
. I n  contrast to the low concentration of gangliosides in the 
cerebellum of the undernourished pigs, the cholesterol concentration in 
this part of the brain (Dickerson & Dobbing, 1967) was not found to be 
affected.
A protein deficient diet supplied with extra calories as fat or 
carbohydrates had a similar effect on the ganglioside content in the 
forebrain to that of the calorie deficient diet. However, this was not 
so in the cerebellum for here the deficiency in total gangliosides in the 
protein deficient animals was less than that in the calorie deficient ones. 
This difference could be due to the protein sparing effect of the additional 
calories in the diet for gangliosides are associated with proteins (Ledeen, 
1966; Hildebrand et al, 1970) ^ and the concomitant biosynthesis of proteins 
is reported to be essential for the ganglioside biosynthesis to occur 
(Eichberg et al, 1969). As in the calorie deficient animals, the brainstem 
was unaffected in these animals.
A complete recovery from the effect of a calorie deficient diet or 
of a protein deficient diet on the ganglioside content of the forebrain was 
not attained on rehabilitation for 16 months. However, after 6 months of 
rehabilitation the forebrain had a normal amount of gangliosides for its
weight. In the cerebellum the degree of recovery was less and 
rehabilitation'for 16 months resulted in only a slight improvement.
The ganglioside content, therefore, remained low for both the age of the 
animal and the weight of the cerebellum.
Age 
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I. WEIGHTS AND BIOCHEMICAL MEASUREMENTS
A. Effect of growth on brain weight.
Table 4.1 shows that in normal rats the forebrain, cerebellum 
and brainstem attain their normal adult weight by 3 months of age.
B. Effect of malnutrition on body weights and brain weights.
Table 4.2 shows that undernourishing rats during the first three 
weeks of postnatal life by rearing them in large litters resulted in a 
significant reduction in gain.in body weight at 15 days and 21 days, but 
not at 7 days of age. The weight of the wholebrain was significantly 
lower only at 15 days and so too was that of the for'ebrain. However, the
i
weight of the cerebellum of the undernourished rats was lower at 15 days 
and 21 days. The weight of the brainstem was not significantly lower at 
any of the three ages studied.
When female rats were reared from weaning on a 12% protein diet 
their offspring were significantly lighter at 15 days and 21 days than 
those of normally nourished mothers reared in similar size litter (Table 
4.3). There was no difference in the weights of the brains, or the three 
parts of the brain, as the result of feeding the 12% protein diet.
Feeding female rats a 7% protein diet from the 5th. day after 
copulation and on through gestation and lactation resulted in a more
severe retardation of body weight in the offspring, the body weights 
of the malnourished rats being 54%, 43% and 33% of the controls at 7, 15 
and 21 days respectively (Table 4.4). The weights of the wholebrain were 
also significantly lower at each of these ages. The brains were no 
dissected at 7 days but at 15 days and 21 days both the forebrain and the 
cerebellum weighed less than the corresponding controls. There was no 
significant difference in the weight of the brainstem,
The weight of the cerebellum normally increases not only absolutely 
but also relatively'to the rest of the brain, during the first three weeks 
of postnatal life. The values for the weights of the cerebellum in Tables 
4.3 and 4.4 show that the relative increase in weight of the cerebellum 
was retardedxin The malnourished animals.
C. Effect of growth and malnutrition on brain gangliosides.
1. Ganglioside content and pattern in the brain of normal rats.
Fig 4.1 presents the developmental pattern of the concentration 
of ganglioside-NANA in the forebrain, cerebellum and brainstem of 
normal rats at eleven stages of growth from 1 day to 27 months. These 
results show that the concentration of gangliosides in the forebrain 
rose rapidly between 1 and 21 days after birth, fell subsequently to 
3 months and then rose to a mature value at 6 months. The concentration 
in -the cerebellum rose to a peak value which was reached rather later 
than in the forebrain, namely at 2 months’ and subsequently decreased 
to a lower adult level by 9 months. The concentration in the brainstem
rose more slowly than in the other two parts and had a broad peak 
from 15 days to 2 months. The concentration subsequently fell to an 
almost adult value by 6 months. In absolute terms (Fig 4.2) the 
amounts per forebrain followed a similar pattern but with a slower 
fall between 21 days and 2 months and a more gradual rise to the 
adult value at 9 months. The amounts in the cerebellum and brainstem 
showed a sharp peak at 3 months and fell to a mature value by 6 months.
Measurement of the distribution of the four major gangliosides 
in the brains of normal rats showed that in the forebrain . (Fig 4.3) 
the percentage of the total gangliosides present as rose rapidly 
between 1 and 7 days and fell after 21 days to a mature value at 3 
months. Reciprocal changes were found in Gy In the cerebellum 
(Fig 4.4) and brainstem (Fig 4.5) the proportions of individual 
gangliosides changed somewhat irregularly with time, with the 
exception of G2 in the cerebellum which accounted for about 20% of the 
total at all ages. In the forebrain, G^ accounted for the largest 
percentage of the total gangliosides, whereas in the mature cerebellum 
and brainstem, the largest percentage was accounted for by G2 and G^ 
respectively.
The ganglioside-NANA concentration, content and distribution in 
the major gangliosides of the brain parts of normal rats are given in 
Tables 14 to 18 in the appendix.
2. Effect of undemutrition during the first three weeks of life.
Postnatal undemutrition during the first three weeks of life 
affected the ganglioside concentration and content of the brain parts 
at different ages with varying degrees of severity. The ganglioside- 
NANA concentration and content in the brain parts of these rats are 
given in Tables 4.5 and 4.6 respectively. The forebrain contained a 
significantly low amount of ganglioside-NANA at 7, 15 and 21 days. In 
the cerebellum the concentration was low only at 7 days of age while the 
absolute amount was significantly lower at 15 and 21 days. The values 
for the ganglioside concentration in the brainstem were low at 7, 15 
and 21 days but when expressed as the absolute amount the difference 
was significant only at 15 days.
s
3. Studies on the offspring of rats reared on a suboptimal protein diet.
Rearing rats on a 12% protein diet from weaning had no effect on 
either the concentration (Table 4.7) or the total amount of gangliosides- 
NANA (Table 4.8) in the brain parts of the offspring.
4. Studies on the offspring of rats fed a low protein diet during 
gestation and lactation.
The concentrations and the total amounts of gangliosides (Tables 
4.9 and 5.1 respectively) were significantly low in the forebrains at 
15 and 21 days. In the cerebellum the concentration (Table 4.9) was 
higher at 15 days but the absolute amount (Table 5.1) was significantly
lower than in the controls at 15 and 21 days of age. The greatest 
difference in the concentration of gangliosides was found in the 
brainstem where the value in the malnourished animals was only 57% 
and 63% at 15 and 21 days respectively of the values found in the 
controls. The differences in the absolute amounts were smaller, 64% 
and 67% respectively because there were no significant differences in 
weight of the brainstem.
5. Relationship of ganglioside content to brain weight.
When the ganglioside content of the forebrain for the different 
groups of animals was plotted against the forebrain weight (Fig 4;6) 
it was found that the absolute amount of gangliosides was too small 
for the weight at 15 and 21 days in the most severely malnourished 
animals. A similar plot of the values for the cerebellum (Fig 4.7) 
showed, that the amount of ganglioside in this part of the brain was too 
high for the weight in the same groups. Values for the brainstem 
(Fig 4.8) showed a similar result to that found in the forebrain, for 
here also the absolute amount in the two most severely malnourished 
groups was too low for the weight. •
D. Studies on brain DNA.
The rats undernourished during the first three postnatal weeks had 
normal DNA contents in the brainstem and forebrain at each of the ages 
studied, inspite of the fact that the forebrain weighed less at 15 days of
age (Table 5.2). These animals had significantly smaller quantities of 
DNA in the cerebellum at 15 and 21 days of age (Table 5.3 and the weights 
were also lower at these two ages (Table 4.2).
The DNA content of the brain parts of rats born and reared by mothers 
who were on the 12% protein diet from weaning, was not significantly 
different from the controls at any age (Table 5.3). Their brain weight 
was also not reduced although the body weight was significantly lower than 
the controls in these animals (Table 4.3).
Table 5.4 shows that the absolute amounts of DNA in each of the 
brain parts of the offspring of rats maintained on the 1%. protein diet 
from the 5th. day of gestation on through lactation at different ages, was 
significantly lower than in the controls at 15 and 21 days. It is to be 
noted, however, that the weight of the brainstem was not reduced in these 
animals (Table 4.4). ,
E. Relationship of DNA content to ganglioside content.
Values for the total amount of ganglioside-NANA in the forebrain 
(Fig 4.9) and brainstem (Fig 5.1) were directly related to those for the 
total amount of DNA, the correlation co-efficient being 0.97 and 0.89 
respectively.
TABLE 4.1
THE BRAIN WEIGHTS (g) OF THE NORMAL RATS
Each value is the meant S.E.M. of 5 separately weighed 
brain parts.
Age in
months Wholebrain Forebrain Cerebellum Brainstem
1 1.51 1.06 0.21 0.24
(±0.02) (±0.02) - j (±0.01) (±0.01)
1.76 1.19 0.26 0.31
(±0.03) (±0.03) j (±0.01) (±0.02)
2.12 1.39 0.32 0.41
(±0.03) (±0.03) - (±0.01) (±0.01)
1.'76 1.16 0.26 0.35
(±0.03) (±0.02) (±0.01) (±0.01)
2.01 1.27 0.32 0.42
(±0.03) (±0.03) (±0.01) (±0.02)
17* 2.15 1.44 0.35 0.36
(2.02-2.25) (1.37-1.51) (0.34-0.36) (0.31-0.38)
27 1.93 1.25 0.28 0.40
(±0.03) (±0.02) (±0.02) (±0.03)
* There were 3 animals in this group; the values for these animals 
are averages and ranges are shown in parantheses.
* 
= 
p<0.05, 
*** 
= 
p<0.01, 
t 
= 
p<0.001 
Statistical 
significance 
of 
differences 
between 
the 
values 
for 
control 
undernourished 
animals.
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F. Discussion.
The degree of development of an organ at a given time depends on 
two factors, namely, the rate of development and the age of the animal.
The rate of development may be reduced by malnutrition. Malnutrition also 
reduces the growth rate and these two factors combined result in a 
decrease in the accummulation of metabolically stable constituents. In 
one of the experiments described here, manipulation' of litter size during 
the suckling period (Kennedy, 1957; Widdowson & Me Cance, 1960) has been 
used to vary the growth rate of pups during the first three weeks of life. 
In another experiment female rats have been reared from weaning on a 121 
protein diet. These animals were mated when they were large enough, and 
have been fed the same diet throughout gestation and the subsequent 
lactation. Litter size was increased to 15, i.e. the same number as that 
in the experiment in which the animals were undernourished postnatally 
only. Any differences between these two groups of animals reared in large 
litters may, therefore, be attributed to the maternal diet. In the third 
experiment, a diet containing only 1% protein, i.e. one third of the 
concentration of protein in the food consumed by the controls, was given 
to pregnant females from the 5th. day after copulation and on through 
lactation. Miller (unpublished observations)has shown that the protein 
content of the diet consumed by rats during lactation affects the quanti ty 
of milk secreted, but not its quality. The effect of feeding a low protein 
diet during lactation is, therefore, similar to that of postnatal under­
nutrition. Whether the effects of a low protein diet and a reduced total
food intake (predominantly a calorie deficiency) are the same 
prenatally does not appear to be known.
In the experiments on postnatal undernutrition the animals in 
the large litters at 15 and 21 days of age weighed significantly less 
than animals of the same age in the small litters. There was', however, 
no difference in body weight at 7 days. Up to this age, it may be 
presumed that maternal 'reserves were able to supply the additional 
nutrients required by the large litter. This was also true in the. 
mothers that had been reared from weaning on a diet containing. 12% 
protein. However, when maternal reserves were depleted by rearing the 
mothers from the 5th. day after copulation on a 7% protein diet, the 
body weight of the offspring at 7 days of age was almost 50% lower than 
that of the offspring of normally nourished mothers suckling a litter of 
similar size, and the difference became progressively greater with age.
A similar result has been obtained by feeding the mother a ration Of 50% 
of the normal amount of food eaten by pregnant rats on a similar day of. 
gestation and lactation (Lee & Chow, 1965; Dickerson & Hughes, 1968; . 
Dickerson & Jarvis, 1970).
Increasing the litter size from three to eight pups did not 
significantly reduce the body weight at 21 days of age. A similar result 
was reported by Winick & Noble (1967). However, it did significantly 
reduce the body weight at 15 days of age, and it may be concluded that 
some degree of catch-up growth took place between 15 and 21 days. The
supply of nutrients was not sufficient for catch-up growth to occur 
when there were 15 pups in the litter.
Body weight was reduced more than brain weight by the comparatively
mild degree of undernutrition imposed on rats suckled in large litters by %
normally nourished mothers. . Only at 15 days of age was there a 
significant difference in the weight of the wholebrain and forebrain as 
compared with the controls. This .difference-was not seen in the animals 
that 'were suckled in litters of 8 pups. The brains of the offspring of 
the mothers reared on the 12% protein diet throughout life were normal in 
weight. The wholebrain of the offspring of mothers fed through gestation 
and lactation on the 7% protein diet were, however, lighter at all three- 
ages and this was true, at 15 and 21 days, for the forebrain and cerebellum. 
No significant increase in weight of these two parts of the brains occurred 
between these two ages. The state of nutrition apparently had no effect 
upon the weight of the brainstem. This result is perhaps surprising, but 
it may be that this part of the brain behaves in a similar way to the 
spinal cord for this has been found to.be of normal'thickness after^severe 
undernutrition in growing pigs (Dickerson et al. 1967) and weanling rats 
(Dickerson & Whims ley, 1967).
Previous studies of the patterns of ganglioside deposition in the 
developing rat brain have been restricted to the wholebrain (Suzuki, 1965; 
Vanier, Holm, Ohman & Svennerholm, 1971). These workers reported that the 
concentration of total ganglioside-NANA rose more or less linearly from 
birth to reach an adult value by 30 days of age. In the work described
here those parts of the brain that can be quantitatively separated 
have been studied, and it has been found, as in the pig, that the 
pattern of deposition is different for each part. Thus, in the forebrain 
there was a rise to 21 days of age followed by a fall and a subsequent
I
rise to a near adult value at 6 months. This rise and fall in the 
ganglioside content of the forebrain was also present in the pig but with 
a different timing. In the cerebellum there was an almost linear rise 
to a peak at 2 months followed by a gradual fall to an adult value at 9 
months. In the brainstem there was a more gradual rise than in the other 
two parts with almost a plateau from 15 days to 3 months, followed as in 
the cerebellum, by a fall to a near adult value at 6 months.
These changes may reflect changes in cell populations and/or 
changes in dendritic arborization. Whatever, may be the structural cause, 
however, they must also reflect changes in biosynthesis and breakdown and 
those processes are controlled by the activities of the enzymes involved. 
There are four transferases (2 galactosyl transferases and 2 sialyl 
transferases) involved in the suggested pathway of ganglioside biosynthesis. 
Hildebrand et al. (1970) reported that the activity of the galactosyl 
transferases was highest at birth in rat brain and that it gradually 
decreased after birth. Kaufman et al. (1967) reported that the activity 
of the sialyl transferases in embryonic chick brain decreased with age 
until they were almost undetectable in the adult animal. Suzuki (1967) 
found that there was little or no turnover of gangliosides in rat brain 
during the first 10 postnatal days and that the turnover was faster in
the next 10 days and then gradually declined. The enzymic studies 
were done on the wholebrains of young animals and agree with the results 
obtained in the present investigation when these are expressed on the 
basis of wholebrain. It would clearly be of interest to study the 
activity of these enzymes in the brain parts and follow the changes 
through to older, ages.
The distribution of the major gangliosides in three parts of the 
brain followed different patterns and malnutrition did not seem to cause 
a change in the normal patterns
The brains of the offspring of females that had been reared from 
weaning on the 12% protein diet were normal with respect to the 
ganglioside concentrations, and with respect to the total amounts of 
gangliosides and DNA when compared with controls reared in similar sized 
litters. It, therefore, appears that the animals adapted to the lower 
level of protein in the diet and the effects on the brain were entirely 
due to the degree of postnatal undernutrition imposed by the litter size.
In the experiment on postnatal undemutrition, the degree of 
growth retardation imposed by increasing the litter size to 15 was rather 
less than that imposed by Dobbing (1964, 1968) and Winick & Noble (1966) 
in their studies of wholebrain. It was, however, sufficient to ensure 
a significant retardation in the development of the forebrain and also in 
that of the brainstem vrith respect to the ganglioside concentration. The 
values for the absolute amounts in the forebrain showed that there had
been a significant decrease in ganglioside deposition and in the 
21 day old animals this amounted to about 20%. It is to be noted that 
the weight of the forebrain and its DNA content was normal at this age.
In the brainstem the total amount of ganglioside showed only a transiently 
lower value at 15 days and was normal at 21 days. In the cerebellum, this 
comparatively mild degree of undernutrition produced only a transient 
delay at 7 days in the rise in ganglioside concentration and this was not 
large enough to significantly affect the total ganglioside content at this 
age.. However, the sharp rise in the DNA content of the cerebellum that 
normally occurs between 7 and 15 days of age was prevented. It is known 
that polyploidy occurs in the cerebellum (Chase et al. 1969) during 
normal growth, and undemutrition is known to prevent this process in rat 
liver (Mendes & Waterlow, 1958; Dickerson, 1959). The cerebellum also 
weighed less in the undernourished animals at 15 and 21 days, and thus 
the total amounts of gangliosides in the cerebellum at these two ages 
were also low.
The greatest degree of retardation of brcpm development was found 
in the offspring of mothers fed the 7% protein diet. Ganglioside 
deposition in the forebrain was more severely reduced and the DNA content 
was also lower than in the controls. In these animals the greatest 
difference in ganglioside concentration (43%) was found in the brainstem 
of the 15 day old animals. It was a little less (35%) at 21 days and was 
comparable with the difference in the forebrain (34%) at this - age. The 
DNA content of the brainstem, though not the weight (see above) was also
reduced in these animals. The fact that the weight of the brainstem 
was normal whereas the ganglioside concentration was greatly reduced 
accounted for the finding that the absolute amount of ganglioside was 
too low for the weight of the brainstem. In the cerebellum, in contrast 
to the forebrain and brainstem, this ‘severe degree of malnutrition:'did 
not prevent the normal rise in the concentration of gangliosides. The 
lower total amount was, therefore, entirely due to the lower weight.
Davison & Dobbing (1967) put forward the hypothesis that the 
period of most rapid growth of the brain is a vulnerable period as far 
as the effect of malnutrition is concerned. The different parts of the 
brain do, however, show a different pattern of growth and development and 
this is reflected in differences in the timing of the deposition of 
different chemical constituents. Fig 5.2 shows a comparison of the rates 
of deposition of DNA and ganglioside in the three parts of the brain in the 
most rapidly growing animals. Fig 5.3 shows the corresponding values in 
the least severely retarded animals, i.e. those reared in litters of 15.
A comparison of these two figures shows that in the forebrain the rise in 
ganglioside content was most rapid, in the period 7 - 1 5  days. This is in 
agreement with the findings of .Fish & Winick (1969). In the forebrain, this 
constituent was more sensitive than DNA to the nutritional stress. DNA 
increased at its most rapid rate during the earlier period. In the 
cerebellum both DNA and ganglioside increased most rapidly during the 
7 - 15 day period and both these constituents were sensitive to a mild 
degree of undernutrition. In the brainstem both gangliosides and DNA were
deposited at a rapid rate from 1 day of age and neither were sensitive 
to a mild degree of undemutrition.
There was a linear correlation between the ganglioside content 
and the DNA content in the forebrain and particularly in the brainstem. 
The same correlation existed, in. the forebrain of the malnourished and 
'control* children. This suggests that the lower ganglioside content in 
these parts of the brain could be partially due to a subnormal number of 
neurons.
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II. ISOTOPE STUDIES
A. Introduction.
Isotopes have been used to study the metabolism of brain 
gangliosides in vivo (Suzuki, 1967; De Maccioni, 1968; Suzuki, 1970).
Suzuki (1970) measured the incorporation of a labelled precursor (14C- 
glucosamine) into the rat brain gangliosides 24 hours after an intra- 
peritoneal injection of the labelled compound. To study the turnover of
these compounds, the loss of radioactivity has been measured in the brain
gangliosides isolated from the treated animals at different intervals 
after the administration of the labelled precursor.
. One of the most commonly labelled compounds used is 1 l‘C-glucosamine 
(De Maccioni, 1968; Suzuki, 1970) which is incorporated into brain
gangliosides because it is easily converted to galactosamine and
mannosamine and thus incorporated almost exclusively into the galactosamine 
and NANA moieties of gangliosides.
A number of investigations have been carried out to measure the rate 
of ganglioside metabolism in the brain of normal animals (Suzuki, 1967;
De Maccioni, 1968; Suzuki, 1970). However, no attempt has been made to 
investigate the metabolism of these compounds in the brain of malnourished 
animals.
In the present study the incorporation of 1hC-glucosamine into the
four major species of gangliosides has been measured in the brain of 
the most severely malnourished rats and their age controls at 7, 15 and 
21 days of age.
B. Results.
The results of the incorporation of the radioactivity into the 
brain gangliosides of the malnourished and the age control rats are shorn 
in Table 5.5. The total radioactivity per brain in the malnourished rats 
was 64% of that of the controls at 7 days of age, and 80% and 75% at 15 and 
21 days respectively.
• When the incorporation of the radioactivity was expressed as 
dpm/ygNANA (Table 5.6) the value for the brains from the malnourished group 
was significantly (pO.OOl) lower at 7 days of age. At 15 and 21 days 
this value became significantly (pO.OOl) higher for the malnourished 
animals.
The percent incorporation of the radioactivity into, the four major 
gangliosides in the malnourished and control brains are shown in Table 5.7* 
These data do not show any difference between the brains of the malnourished 
and the control animals.
C. Discussion.
Results from the chemical studies indicated that the ganglioside 
content of the brains from the malnourished rats was lower than that of
their age controls. Isotope studies were undertaken to investigate, 
in vivo, the rate of incorporation of a precursor into the brain 
gangliosides of the malnourished rats. The results show that the total 
radioactivity was lower in the brains of malnourished rats and this is in 
agreement with the results of the chemical measurements. It is perhaps 
indirect evidence for a lower total activity of the enzymes involved in 
the biosynthesis of gangliosides.
However, when the radioactivity was expressed as dpm/ygNANA the 
value was higher in the malnourished rats at 15 and 21 days and this may 
mean that the malnourished animals had utilized the precursor more 
efficiently for the synthesis of gangliosides than the controls. Also, 
it might suggest the importance or priority of the biosynthesis of these 
compounds in the brain. At 7 days of age the value, for the amount of 
radioactivity per ygNANA was lower in the malnourished animals probably 
due to a delayed maturation of the brain which reduces the rate of 
ganglioside synthesis in these animals.
The results obtained-from the percent incorporation of the 
radioactivity into the' four major gangliosides did not show any difference 
in the experimental and the control animals. This is also in agreement 
with the results obtained from the quantitative subfractionation of the 
gangliosides.
TABLE 5.5 '
INCORPORATION OF D-fl-^C) GLUCOSAMINE INTO THE WHOLEBRAIN 
GANGLIOSIDES OF RATS (dpm/brain)
Each value is the mean± S.E.M. for 5 separately studied animals.
Age
(days) Controls Malnourished*
7 35100 (±1000) 22500 (±700)
106000 (±2400) 84900 (±1900)
21 147000 (±2800) 110000 (±2000)
* Mothers were maintained on the 1% protein diet from the 5th. day of 
gestation through the rest of pregnancy and lactation.
TABLE 5.6
INCORPORATION’OF D-(l-ltfC) GLUCOSAMINE INTO THE WHOLEBRAIN 
GANGLIOSIDES OF RATS (dpm/yg NANA)
Each value is the mean± S.E.M. for 5 separately studied, animals.
Age
(days) Controls Malnourished*
7 182 (±5) 116 (±3)
15 186 (±5) 224 (±6)
21 185 (±4) 270 (±6)
* Mothers were maintained on the 1% protein diet from the 5th. day of 
gestation through the rest of pregnancy and lactation.
TABLE 5.7
PERCENT INCORPORATION OF RADIOACTIVITY IN THE MAJOR 
GANGLIOSIDES OF TIE RAT 1VHOLEBRAINS
Each value is the meant S.E.M. for 5 separately studied 
annuals.
G1 G2 G3 G4
7 day'old 41.3 21.5 36.7 12.0
controls (±2.0) (±1.2) (±1*7) . (±0.9)
7 day old 43.9 26.3 30.0 13.8
malnourished* (±2.0) (±1.4) (±1*3) (±0.8)
15 day old 31.9 21.0 32.5 14.7
controls (±1.5) (±1.2) (±1*4) (±0.7)
15 day old 32.5 22.0 29.2 16.8
malnourished* • (±1.6) (±1*3) - (±1.5) (±0.9)
21 day old 37.0 20.1 34.1 9.1
controls (±1.8) (±1.3) (±1.6) (±0.5)
21 day old 38.1 21.2 29.2 11.6
malnourished* (±1*6) (±1.1) (±1.6) (±0.6)
*Mothers were maintained on the 1% protein diet from the' 5th. 
day of gestation through the rest of pregnancy and lactation.
■III. HISTOLOGICAL INVESTIGATION
A. Introduction.
Histological studies on the nervous system of animals malnourished 
in various ways have been done over many years. The ones that are 
particularly relevant to the present study were'those of Platt, Stewart 
and their colleagues. These workers maintained pigs (Platt & Stewart,
1960; Platt et al. 1965), dogs (Platt & Stewart, 1968; 1969) and rats 
(Stewart, personal cummunication) on diets which were low in protein but 
adequate with respect to vitamins and minerals. The most severe structural 
alterations were found in the spinal' cords of dogs that, born and suckled by 
malnourished mothers, were weaned onto diets having protein values of NDP 
Cal 1 = 5. NDP Cal % is a measure of the percentage of the total digestable 
calories of the diet which, as protein, is used for anabolic purposes. In 
this work no correlation was attempted with biochemical findings in the 
same tissues. The finding of severe changes in the brains of the offspring 
of mothers reared on diets having protein values of NDP Cal % - 7 suggested 
an attempt at such a correlation. It seemed to be of interest to establish 
whether similar changes to those described in dogs also occurred in severely 
malnourished rats. Accordingly, two animals from the low and two from the 
high protein groups wrere killed at 15 and 21 days of age, tissues prepared 
as described (page 82 ).
B. Results and discussion.
The most widespread change was a loss of definition of the 
neurons with a reduction in the staining of the cytoplasm or size of the 
Nissl granules. This change affected, to some extent, every area 
examined, cortex, hippocampus, thalamus, hypothalamus, midbrain, pons 
and medulla. It also occurred in both motor and sensory nuclei but some 
of the former appeared to be rather less severely affected especially in 
the 21 day specimens. This protection, or resistance, was especially 
marked in the VII nucleus of the 21 day old rat. Sections of the cerebral 
cortex did not, in. all instances, show a marked loss of cells and this can 
be correlated with the finding of no difference in DNA concentration. 
However, against the equal or even greater apparent density in the 
deficient animals (Plate 2 & 3) allowance must be made for the greatly 
reduced volumes of any anatomical region accounting for the low total 
amount of DNA in the forebrain. The changes in the cytoplasm appeared to 
be greater at 15 days than at 21, indicating that an improvement had 
possibly occurred in the RNA content of individual cells. The indistinct 
outlines of the cells appeared to be a form of peripheral chromatolysis 
(Plate 4b & 5b) and’ in some instances this had spread throughout the cell 
(Plate 4b). Cerebellar changes were very marked especially in the 15 day 
specimens. In the deficient animals the Purkinje cells were poorly 
developed, the molecular layer thin and the granular layer less dense than 
normal (Plate 6b). There was also a. thick layer of primitive cells
remaining on the surface of the folia (Plate 6b). By 21 days of age 
the differences were less marked (Plate 7b) although the molecular layer 
was still relatively scanty and the Purlcinje cells small, crowded arid 
rather deeper in the granular layer than in the control brain. There were 
still’ some cells on the surface of the folia but these were now similar or 
less in number than those seen in the 15 day controls (Plate 6b).
There appeared in some.areas to be a slight increase in the 
neuroglial nuclei relative to the number of neurons (Plate 8). It was 
sometimes difficult to be sure whether a particular nucleus was part-of 
a small neuron practically devoid of cytoplasm or an enlarged neuroglial 
cell (Plates 5b & 8b).
The silver stains reacted quite differently in the animals from 
mothers on the high and low protein diets. Although there was some 
irregularity in staining, those from the deficient mothers were consistently 
less strongly impregnated than those from the controls. This was similar 
to changes described in the cells of malnourished pigs (Platt et al. 1965) 
and' appeared to be mainly a change in the quality of the reaction rather 
than a loss of neurofibrils.'
The changes seen and illustrated are consistant with a reduced cell 
production and a deficienty of cytoplasm. Some degree of recovery had 
evidently occurred/ however, for the deficiency in cytoplasm was less 
obvious in the brains from the 21 day old animals.
PLATE 2, CORTEX ABOVE HIPPOCAMPUS (x 111 )
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(a) control (b) malnourished (21 days old).
PLATE 5 MEDULLA AT THE LEVEL OF THE PYRAMIDAL DECUSSATION (x
m
4
Jflk • &  *
\ a- ***•' *
•«* * » > ' % ^  »  #'
w* il} v ._ ^ *
A- " $ * * *  f e
s s  
* *
V ' * ( #*
f ^  i  >L ^
*  • «  V  * - /
»  **.' -
* . r
s§>
(a)
"  * •, y  /
» * V  ^  , W y ' ; *
' •’ • *  *• .Aif\ JL ' •> ®
L  ,% >:•; %  *  *  •. , 81
t- 9 \v * , ** % 3
e *
% V y-T
■ V
. ( 
M*
TV
"T; •’ 2r ®
_  > #.
y ’
$
»
^ ■- 
\ J ■  ^v. * \
<
c • : 0-t * • , . ./; , ^gp
L i f c ,  • »
#
a l
(b)
(a) control (b) malnourished (2.1 days old).
PLATE 6.CEREBELLUM, PURKINJE CELLS (x£gf )
M <  < r '
« •
»  *
’ / *  
g  #  .
«
L  /  f
gP
f
* »
Q
t* I f
4 *
f  ’ * ' \ 4 K  "SL» %  „
"  2 ^  • C M ,
(a)
P I
>*<<« 4 | l
* ?
(b)
(a) control (b) malnourished (15 days old).
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PLATE 8. RETICULARIS GIGANTA NUCLEUS (*5g?)
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CHAPTER 7
G E N E R A L  D I S C U S S I O N
The work described in this thesis was undertaken to help to further 
our knowledge of a problem of some considerable importance to a large 
section of the world's children. These children are malnourished to 
varying degrees at various periods of early childhood.. In domestic 
animals body size, muscular growth, reproductive capacity and milk yield 
are some of the criteria of success, but in man these criteria have little 
real value. It is of little real importance if malnutrition in early life 
results in an adult individual of small stature, but it is of real 
importance if malnutrition affects the development of the brain. Cravioto, 
Birch, De Licardie & Rosales (1967) have drawn attention to the complexity 
of the biosocial factors that are associated with low weight gain (Fig 5.4). 
Malnutrition is clearly only one factor, but if it does result in a 
decreased capacity for intellectual improvement it will also result in a 
continuation of the viscious circle of factors that will perpetuate the 
poor social conditions.
Many factors other than nutrition could affect the development of 
the human brain, and this may be taken as a pointer to the importance of 
using experimental animals for with them., factors such as genetic 
constitution, infection and the environment can be carefully controlled. 
Experiments can be designed in which the animal diet is the only variable. 
The difficulties associated with the use of animals in the study of the 
problems of human malnutrition have been discussed by Widdowson (1968).
Studies on the brain involve even more uncertainties. Dickerson &
Dobbing (1967). emphasised the differences in the timing of the growth 
spurt of the brain with respect to birth in different species, and this 
is one factor that must clearly be taken into account. If allowance is 
made for this difference in timing, animal experiments can provide useful 
information about principles. Uncertainty remains, however, in the extent 
to. which the results can be extrapulated to man. In the work described it 
has been possible to study human, material alongside that obtained from two 
species of experimental animals.
The human brain grows at its most rapid rate just prior to birth 
and the curve has a sharp peak (Dickerson & Dobbing, 1967). The rate 
curve for the growth of the pig brain rises to a plateau which extends from 
about 5 weeks before birth to about 5 weeks after birth. _ In contrast, the 
growth spurt of the rat brain is entirely postnatal rising to a maximum 
rate at about 10 days after birth. Dickerson & Dobbing (1967) suggested 
that the period of most rapid growth and myelination is a critical period, 
and that any stress such as malnutrition would have its maximum effect if 
applied during this period. Winick & Noble (1966) found that the brains of 
rats undernourished during the first 21 days of life failed to attain the 
normal adult weight. They correlated this with the finding that the adult 
amount of DNA was normally present in the brain by 21 days and that the 
ability of the cells to multiply was lost after this age. It seems likely 
that the human brain attains its adult number of cells during the first 6 
months of postnatal life (Winick, 1970) with very little increase to one
year, but in the pig DMA. may continue to increase after one year of age 
(Dickerson et al. 1967) and this may to some extent account for the fact 
that-the brain of the pig increases in weight by some 25% after one year 
of age. This late increase in weight of the brain in the pig occurs after 
the body weight has almost ceased to increase, In the present study, the 
pig was the only animal in which the effects of rehabilitation were studied, 
and it -was found that the brains of the rehabilitated annuals were too 
light for their age. Since the few fully rehabilitated pigs wrere of normal 
body weight, the brains were too light relative to the body weight.
Babies that are too light for their gestational age are presumed to 
have suffered some degree of intrauterine retardation of growth due to 
malnutrition. One of the causes of this malnutrition could be placental 
insufficiency (Gruenwald, Dawkins & Hepner, 1963), but it could also result 
from a poor nutritional status in the mother. From the studies in the rat, 
Chow, Sherin, Hsuch, Blackwell & Blackwell (1967) have suggested that the 
protein content of the maternal diet is the important factor. In the 
present studies rats reared from weaning on a 12% protein diet (compared 
with the normal 18% to 21% protein) produced offspring that were of normal 
weight at birth, but whose growth was later retarded. A comparison of these 
animals with the offspring of normally nourished mothers reared in similar 
size litters suggested that protein content of the maternal diet affected 
body growth but did not affect the growth of the brain. Brain growth was, 
however, reduced, but again less than body growth, by a reduction of the 
protein content of the diet to 7%. In the prenatally undernourished piglets
body growth was .also reduced more than brain -growth. It may be that 
neither of the experimental animals are good models for the human 
conditions.
Previous studies of the changes in brain gangliosides during 
development have been made on the wholebrain (Suzuki, 1965b; Rosenberg & 
Stern, 1965) on samples of cortex (Wolfe, 1964; Gonatas & Gonatas, 1965; 
Vanier et al. 1971) or on white matter (Kishimoto & Radin, 1966; Derry & 
Wolfe, 1968). No study could be found in which parts of the brain had 
been quantitatively dissected and analyzed for these substances. The 
studies in the pig and rat of three parts of the brain that have been found 
to develop at different rates (Dickerson & -Dobbing, 1967; Fish & Winick,
1969) have shorn that there are differences in the pattern of development 
in each part. They have further shown, however, that there is an overall 
similarity in the pattern in these two species. The large difference was 
in the timing of the first peak in the curve for the forebrain. In the 
pig, this occurred at birth whereas in the rat it occurred at 21 days of 
age. In both species this peak was followed by a trough and it was at the 
time when the concentration of gangliosides in the forebrain was decreasing 
that the concentration in the cerebellum was increasing. Insufficient normal 
brains were available for similar data to be obtained for the human brains.
In all three species, the principal ganglioside in the forebrain was 
a disialoganglioside, G^, that in the cerebellum was the trisialoganglioside 
G-j. In the adult brainstems of the pig and the rat the principal species
were and G^ respectively. In the pig the adult pattern with respect 
to the percentage distribution -between the four major gangliosides was 
attained at birth whereas that in the rat was attained some time after 
birth.
It is not known whether there is a particular location for each 
species of gangliosides in the nerve cells or in fact whether different 
types of nerve cells contain different proportions of ganglioside species 
for their physiological functions.
In each species it has been found that the gangliosides in one 
part of the brain are particularly sensitive to a period of malnutrition 
early in life. In the human forebrain, the pig cerebellum and the rat 
brainstem the absolute amount of total gangliosides was found to be too 
low not only for the chronological age, but also for the brain weight.
This means that their synthesis was selectively reduced in these parts.
The vulnerability of these constituents in particular parts of the brain 
was related to the developmental pattern in these parts in a way that was 
apparently in agreement with the hypothesis put forward by Davison &
Dobbing (1966). However, the full testing of the hypothesis involves a 
study of previously malnourished animals that have been fully rehabilitated. 
A number of such studies have been made with respect to DNA and myelin 
lipids in the rat and pig but none in man. In the present work gangliosides 
have been determined in the brains of rehabilitated pigs only. It was 
found that recovery of the ganglioside content of the forebrain was
attained on rehabilitation whereas that of the cerebellum was not.
The ganglioside content of the brainstem was affected only by protein 
deficiency and this was corrected on rehabilitation.
The lower amount of gangliosides in the forebrain of malnourished 
children was due to a reduced content of a particular ganglioside, G^ .
It would be helpful to have information about the distribution of the 
individual ganglioside species in different anatomical structures in order 
to interpret this finding.
The effects of malnutrition early in life on gangliosides are to be
contrasted with those 011 one of the principle myelin lipids, cholesterol.
The concentration and total amount of cholesterol in the different parts
of the brain of severely retarded animals tends to be high for the brain
weight (Dickerson et al. 1967; Dickerson, unpublished observations) but
low for chronological age. The low value for chronological age could be
due to a decreased number of oligodendroglial cells (Winick, 1970), but
studies of sulphatide synthesis in malnourished rats have suggested that
lipid synthesis per cell is reduced (Chase, Dorsey & Me Khann, 1967).
Direct measurement of the activity of enzymes involved in ganglioside
<
synthesis should clearly be done in an extension of the present study.
The isotope studies in rats produced indirect evidence for a reduced, total 
enzyme activity but the fact, that there was a significant positive 
correlation between the DNA content of the rat brainstem and the low 
ganglioside content suggests that the low ganglioside content was due, in
part at least, to a reduced number of cells.
Studies relating to the localization of gangliosides in the brain 
have been reviewed (Page 36 ). Only very small amounts are present in 
myelin (Suzuki et al. 1967) and glial cells (Ledeen, 1970), and it has 
been shown that postnatal increase in neurons of the rat brain is limited 
to microneurons in the hippocampus (Altman & Das, 1965b). It, therefore, . 
seems reasonable to suggest that some of the deficiency in gangliosides in 
the brains of malnourished rats, and possibly also in pigs and humans, is 
due to a deficiency in other types of cells and further, that the cells whose 
numbers are reduced are ones that contain relatively large amounts of 
gangliosides. The recent work of Norton & Poduslo (1971) suggests that 
the deficiency may be of astroglia. These cells were found to contain 
larger amounts of gangliosides than isolated neuronal perikaria. Some 
failure of dendritic development cannot, however, be excluded. Indirect 
evidence that dendritic development is impaired by severe prenatal and 
postnatal undernutrition was obtained by Dickerson & Jarvis (1970) for 
they found that the specific activity of acetylcholinesterase was reduced 
in the brainstem. Direct evidence that malnutrition in the rat reduced the 
dendritic development in the somatosensory area of the rat cortex was 
obtained by Bass'et al. (1970) from histological studies.
Attempts to link the changes in the biochemistry of the brain that 
result from malnutrition with behavioural differences in animals or 
intellectual differences in man must at present be largely speculative.
It does not seem unreasonable, however, to suggest that a selective 
deficiency of lipids, i.e. gangliosides which are associated with protein 
in the cells of the brain, and to which many important functions have been 
ascribed, may be likely to result in functional deficiencies. The 
possibility cannot be excluded, however, that the deficiencies in both 
gangliosides and behaviour result from a decreased amount of sensory 
stimulation. It has been shown that rearing rats in an enriched 
environment increases the levels of acetylcholinesterase in certain areas 
of the brain (Bennett, Diamond, Krech & Rosenzweig, 1964; La Torre, 1968; 
Quay, Bennett, Rosenzweig & Krech, 1969). It would be of interest to 
study the effects of an enriched environment on brain gangliosides.
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TABLE 1
PERCENT DISTRIBUTION OF THE MAJOR GANGLIOSIDE-NANA
IN THE FOREBRAINS OF THE CONTROL PIGS
Values are the averages and ranges are given in parantheses.
Number of
Animals . Age G1 G2 G3 G4
93 days of 27.5 13.7 50.3 8.3
gestation (26.6-28.0) (13.2-14.4) (50.0-50.8) (8.1-8.5)
(foetus)
104 days of 20.2 18.3 44.7 16.6
gestation (19.5,21.0) (16.9,17.0) (43.2,46.5) (15.2,18.0) 
(foetus)
newborn 24.4 16.7 47.2 11.1
(22.2-25.5) (14.5-17.9) (44.2-52.4) (10.8-11.2)
2 weeks 23.9 16.8 45.3 12.4
(22.0-25.3) (15.2-18.5) (42.1-46.9) (10.5-13.5)
5 weeks 22.9 19.2 '44.6 13.2
(22.0,23.8) (18.7,19.8) (42.0,47.2) (12.3,14.2)
7 weeks 22.3 18.0 45.6 13.9
(21.4,23.2) (16.3,19.7). (44.1,47.2) (13.1,14.8)
9 weeks 24.0 19.1 42.8 14.1
(22.9,25.1) (18.1,20.1) (41.4,44.2) (13.1,15.1)
5 months 23.8 18.4 44.5 13.4
(21.9-24.7) (16.3-19.7) (43.6-45.5) (12.0-14.7)
12 months 25.2 18.1 45.5 11.2
(24.6-26.3) (16.0-20.3) (42.8-48.2) (9.9-12.5)
16 months 25.3 15.7 46.5 12.5
(24.6-26.2) (14.9-16.7) (44..7-48.4) (11.9-13.4)
4- 30 months . 22.8 17.7 42.5 15.2
(22.0-23.8) (16.9-18.6) (41.9-44.1) (14.0-15.9)
TABLE 2
PERCENT DISTRIBUTION OF THE MAJOR GANGLIOSIDE-NANA 
IN THE FOREBRAINS OF THE MALNOURISHED AND REHABILITATED 
PIGS
Values are the averages and ranges are given in paTantheses.
Number of
Animals Age G1 G2 G3 G4
RUNTS
1 104 days of 21.2 16.6 • 45.6 .17.5
gestation 
(foetus)
4 newborn 25.4 18.8 45.3 9.7
(22.8-28.4) (16.2-20.3) (42.1-46.5) (8.9-9.8)
CALORIE DEFICIENT
10 12 months 24.6 20.6 39.8 13.9
(22.0-27.0) (19.0-21.8) (37.1-41.2) (11.0-16.8)
PROTEIN DEFICIENT
10 1.2 months - 23.3 17.2 44.6 14.0
(21.0-25.9) (15.9-18.4) (43.6-45.8) (11.8-15.6)
REHABILITATED*
18 months 22.0 ' 18.8 43.1 14.8
Prot. Def. (21.3-22.6) (16.4-19.6) (40.9-46.0) (13.2-15.9)
28 months 22.9 19.3 43.4 13.9
Prot. Def. (22.6-23.2) (18.9-20.2) (41.7-44.6) (13.1-14.7)
18 months 23.3 19.7 41.9 14.3
Cal. Def. (22.6,23.9) (18.9,20.6) (41.8,42.0) (13.8,14.8)
19 months 22.2 20.6 41.5 14.7
Cal. Def. (21.6,22.9) .(19.7,21.5) (39.9,43.2) (14.1,15.3)
28 months 22.1 19.9 42.4 14.0
Cal. Def. (21.2,23.0) (19.4,20.4) (41.8,43.0) (12,9,15.1)
35 months 24.9 19.6 43.1 12.5
Cal. Def.
* Rehabilitation started 12 months after Protein Deficienty (Prot. Def.) 
or Calorie Deficiency (Cal. Def.) period.
TABLE 3
PERCENT DISTRIBUTION OF THE MAJOR GANGLIOSIDE-NANA
IN THE .CEREBELLUMS OF THE CONTROL PIGS
Values are the averages and ranges are given in parantheses.
Number of
Animals _ Age G1 G2 G3 G4
93 days of 40.1 23.2 29.3 ■ ' ' 6.5
gestation (36.7-42.4) (20.7-24.8) (26.0-32.3) (6.1-7.0)
(foetus)
104 days of 42.7 25.8 25.1 6.1
gestation (41.1,44.3) (24.6,27.0) (25.0,25.2) (5.7,6.6)
(foetus)
newborn 46.6 28.5 19.2 5.8
(45.0-50.0) (25.3-31.6) (18.2-22.6) (5.0-6.6)
2 weeks 45.0 30.6 17.0 6.8
(42.6-47.9) (25.0-33.2) (15.0-18.1) (5.6-7.2)
5 weeks ‘ 45.7 30.1 . 18.0 6.4
(44.6,46.7) (30.0,30.3) (17.7,18.4) (5.9,6.9)
7 weeks 47.5 27.8 17.8 7.0
(45.6,49.3) (25.8,29.7) (17.1,18.5) (6.4,7.7)
9 weeks 46.8 26.9 19.2 6.7
(44.0,49.6) (25.4,28.5) (17.2,21.2) (5.9,7.4)
5 months 49.7 23.6 19.3 6.7
(45.0-52.2) (20.2-24.8) (17.1-20.1), (6.2-7.3)
12 months 44.2 29.2 18.1 7.6
16 months 47.1 25.1 20.3 7.4
(43.6-49.5) (21.1-28.7) (18.6-22.6) (6.5-7.9)
3 30 months 48.5 24.7 19.4 7.8
(44.8-52.3) (21.3-27.3) (17.4-21.1) (6.8-8.2)
TABLE 4
PERCENT DISTRIBUTION OF THE MAJOR GAiNGLIOSIDE-NANA 
IN THE CEREBELLUMS OF THE MALNOURISHED AND 
REHABILITATED PIGS
Values are the averages and ranges are given in parantheses. 
Number of
Animals Age G1 G2 G3 G4
RUNTS
1 104 days of.
gestation
(foetus)
44.4 26.8 20.6 6.7
4 newborn 47.3
(45.7-50.3)
27.1
(25.8-30.2)
20.0
(19.1-22.0)
6.0 
(5.4-6.7)
CALORIE DEFICIENT
10 12 months 44.9
(41.8-46.8)
28.6
(24.1-33.0)
17.5
(16.0-18.6)
8.3 
■,(6.9-8.8)
PROTEIN DEFICIENT
TO 12 months 42.9
(42.7-43.1)
31.7
(29.8-35.9)
17.0
(16.1-17.9)
6.6 
(5.9-7.9)
REHABILITATED*
3 18 months 
Prot. Def.
46.6
(42.3-48.2)
25.8
(23.7-27,4)
18.8
(17.1-19.5) C6.8-8?2)
3 28 months 
Prot. Def.
47.2
(44.1-49.3)
24.6 • 
(21.4-25.7)
19.1
(18.0-20.4)
8.4 
(6.9-9.1)
2 18 months 
Cal. Def.
45 9 
(44.9-, 46.9)
27.4 
(25.2-j 29.6)
20.0
(20.0,20.1)
7.2 
(7. l-,7.3)
2 19 months 
Cal. Def.
48.5 24.4 18.8 8.8
2 28 months 
Cal. Def.
48.1
(46.6,49.5)
26.1
(24.0-28.2)
19.6
(19.2720.6)
6.2 
(5.7-,6.7)
1 35 months 
Cal. Def.
46.9 26.1 20.1 6.8
* Rehabilitation started 12 months after Protein Deficiency 
(Prot. Def.) or Calorie Deficiency. (Cal. Def.) period.
PERCENT DISTRIBUTION OF THE MAJOR GANGLIOSIDE-NANA IN THE 
BRAINSTEMS OF THE CONTROL, MALNOURISHED AND THE REHABILITATED 
PIGS
Number of 
Animals
Values are the averages and ranges are given in parantheses.
Age G1 G2 G3 G^
93 days of
gestation
(foetus)
104 days of
gestation
(foetus)
4 runts newborn
2 weeks
5 weeks 
7 weeks 
9 weeks
5 months 
12 months 
16 months 
30 months
CALORIE DEFICIENT
10 12 months
PROTEIN DEFICIENT
10 12 months
REHABILITATED*
13
35.7 21.2 35.7 '
(34.6-36.0) (20.0-22.0) (34.2-37.3) (7.2-
37.2 19.5 37.1 t
(35.2-38.7) (18.4-21.4) (34.6-38.8) (6.2-
36.5 25.0 32.1 (
(33.1-38.0) (21.0-27.4) (30.1-33.1) (5.6-
37.3 28.5 26.1 i
(34.4-39.8) (26.6-29.4) (24.6-27.8) (7.0-
36.8 29.4 25.7 /
(33.8-39.7) ,(26.8-34.1) (24.1-28.3) (7.1-
42.1 26.4 22.8 I
(37.8-44.6) (22.7-29.8) (19.8-23.8) (6.9-
35.8 29.0 25.8 i
(33.7-37.4) (24.1-31.8) (22.7-29.4) (7.2-
38.9 27.9 25.1 ^
(35.3-42.4) (23.8-30.1) (21.4-28.6) (7.1-
39.1 28.4 24.6 /
(36.8-40.4) (26.7-29.1) (22.1-25.6) (7.0-
.9
8.6)
. 8
7.5)
.4
6.9) 
.2
8.9)
.9
9.0)
.0
8.8)
.9
10.0)
.9
8.9)
.7
8.2)
BODY WEIGHTS OF THE CONTROL PIGS
Number of Weight
Animals Age (kg)
3 93 days of
gestation 0.673
(foetus) (0.650-0.696)
2 104 days of
gestation 1.00
(foetus) (0.91,1.09)
'4 newborn 1.62
(1.51-1.80)
4 '2 weeks 3.25
(3.10-3.30)
2 5 weeks 6.10
(5.40.6.80)
2 7 weeks 18.20
(17.70.18.80)
2 9 weeks 22.9
(22.8,23.1)
3 5 months 89
(80-95) *
3 ‘ 12 months 234
16 months 219
(213-225)
30 months 245
(241-252)
Values are the averages and the ranges are given in parantheses.
BODY WEIGHTS OF THE MALNOURISHED AND THE REHABILITATED PIGS
Number of Weight
Animals Age (kg)
RUNTS
1 104 days of
gestation 0.365
(foetus)
4 newborn 0.641
(0.455-0.751)
CALORIE DEFICIENT
10 ' 1 2  months 6.10
(±0.08)f '
PROTEIN DEFICIENT
10 12 months 17.01
(±1.54)t
REHABILITATED*
3- 18 months 181
Prot. Def. (145-202)
3 28 months 248
Prot. Def. . (240-254)
2 .18 months 183
Cal. Def. (172,195)
. 2 19 months 115
Cal. Def. (112,119)
2 28 months 238
Cal. Def. (236,240)
1 35 months 236
Cal. Def.
* Rehabilitation started 12 months after Protein Deficiency 
(Prot. Def.) or Calorie Deficiency (Cal. Def.) period.
•. Values are the averages and the ranges are given in paranthese
t Standard error of the mean.
TABLE 8
WEIGHTS OF THE DIFFERENT PARTS OF THE CONTROL PIG 
BRAINS (IN GRAMS)
Values are the averages and the ranges are given in parantheses.
Number of Forebrain Cerebellum Brainstem
Animals Age Brain wt. wt. . . wt. wt.
3 93 days of 21.4 19.1 1.3 1.0
gestation (21.1-21.8) (18.8-19.5) (1.2-1.3) (0.9-1.1)
(foetus) .
' •2 104 days of 26.6 22.2 2.1 2.2
gestation (25.0,28.2) (20.9,23.5) (1.9,2.3) (2.2,2.3)
(foetus) *
4' newborn 32.4 26.6 3.3 2.4
(31.1-34.3) (25.8-28.) (3.1-3.5) (1.8-3.1)
4 2 weeks 41.3 33.1 4.4 3.7
(39.2-44.3) (31.1-35.9) (4.3-4.5) (3.6-3.9)
2 5 weeks 50.2 40.9 5.1 4.5
(49.0,52.3) '(39.4,42.5) (5.1,5.1) (4.4,4.7)
2 * 7 weeks 64.7 51.3 6.5 6.9
(63.2,66.1) (50.0,52.6) (5.9,7.1) (6.4,7.4)
2 9 weeks 74.7 59.7 8.1 6.9
(74.5,75.0) (59.0,60.3) (8.0,8.3) (6.7,7.1)
3 ■ 5 months 105.5 83.1 12.0 10.4
(101.7-109.8)(78.4-87.3) (11.7-12.2) (9.8-11.1)
3 12 months 120.6 97.9 11.6 11.1
(113.5-128.7)(92.6-103.5) (9.2-13.9) (10.3-11.7)
3 16 months 118.3 93.2 11.9 13.3
(110.6-125.0)(86.2-100.2)(11.7-12.1) (12.7-14.6)
4 .,30 months 147.3 119.7 13.2 14.3
(139.8-161.9)(112.1-134.2)(12.3-13.9)(13.8-15.4)
TABLE 9
WEIGHTS OF THE DIFFERENT PARTS OF THE BRAINS OF THE 
MALNOURISHED AND REHABILITATED PIGS (IN GRAMS)
Values are the averages and ranges are given in parantheses.
Number of Forebrain Cerebellum Brainstem
Animals Age Brain wt. . wt. wt. wt.
RUNTS
1 104 days of 20.6 17.1 1.6 1.9
gestation 
(foetus)
4 newborn 28.2 22.9 2.8 2.4
(27.5-28.9) (22.3-24.4) (2.7-3.0) (1.7-2.7)
CALORIE DEFICIENT
10 12 months 83.0 65.7 8.8 7.8
(±4.7) (±4.2) (±1-1) (±0.8)
PROTEIN DEFICIENT ‘
10 1 2 months 90.4 '70.6 9.3 8.1
(±4.6) . (±4.3) (±0.9) (±0.7)
REHABILITATED*
18.months 122.0 95.8 12.6 13.5
Prot. Def. (113.2-131.2)(88.3-102.4) (11.9-13.7) (12.7-15.1)
28 months 126.1 100.5 12.5 13.3
Prot. Def. (122.8-131.4)(97.0-103.9) (12.0-13.5) (12.2-14.0)
18 months 123.7 97.3 12.3 13.0
Cal. Def. (119.7,125.7)(96.1,98.6) (11.3,13.3) (12.4,13.7)
19 months 107.2 84.9 11.2 11.1
Cal. Def. (104.9,109.6)(83.5,86.4) (10.3,12.2) (11.0,11.1)
28 months 116.3 91.5 12.4 12.3
Cal. Def. (108.2,124.4)(85.0,98.1) (10.3,14.5) (11.8,12.9)
35 months 134.4 104.4 13.8 16.2
Cal. Def.
* Rehabilitation started 12 months after Protein Deficiency (Prot.. Def.) 
or Calorie Deficiency (Cal. Def.) peroid.
TABLE 10
THE GANGLIOSIDE-NANA CONCENTRATION IN THE DIFFERENT PARTS
OF THE BRAIN OF CONTROL PIGS (yg/g)
Values are the averages and ranges are given in parantheses.
Number of
Animals Age Forebrain Cerebellum Brainstem
3 93 days of 374 295 376
gestation (355-395) (284-310) (340-407)
(foetus)
2 104 days of -516 332 391
gestation (503,530) (320,345) (388,394)
(foetus) .
■ 4 newborn 637 417 433
(616-681) (400-436) (389-464)
4 . . 2 weeks 538 383 408
(520-562) (372-400) (398-428)
2 5 weeks 412 . 426 358
(407,417) (423,430) (329,387)
' 2 7 weeks 340 465 315
(332,349) (441,490) (313,317)
2 9 weeks 347 471 319
(343,351) (458,485) (304,335)
3 5 months 535 373 194
(516-570) (354-388) (187-205)
3 12 months 417 • 374 197
(405-436)
3 16 months 453 353 169
(448-460) (320-370) (152-181)
4 30 months ‘ 441 ‘ 320 171
(429-454) (299-341) (160-182)
TABLE 11
THE GANGLI OS I DE-NANA CONCENTRATION IN THE DIFFERENT BRAIN
PARTS OF THE MALNOURISHED AND REHABILITATED PIGS (yg/g)
Values are the averages and the.ranges are given in parantheses.
Number of
Animals Age Forebrain Cerebellum Brainstem
RUNTS
' 104 days of 511 352 416
gestation 
(foetus)
newborn 629 425 445
(602-663) (395-450) (408-470)
CALORIE DEFICIENT
10 12 months 553 315 261
(±14) (±16) (±14)
PROTEIN DEFICIENT
10 12 months 539 395 . 257
• (±15) (±12) (±13)
REHABILITATED*
18 months 430 291 189
Prot. Def. (410-467) (272-315) (181-199)
28 months 455 306 171
Prot. Def. (423-475) (278-330) (168-174)
18 months 508 311 166
Cal. Def. (495,522) (295,328) (160,173)
19 months 481 319 176
Cal. Def. (477,485)
28 months 446 340 174
Cal. Def. (477,494) (321,360) (153,196)
35 months 421 344 210
Cal. Def.
* Rehabilitation started 12 months after Calorie Deficiency (Cal. Def.) 
or Protein Deficiency (Prot. Def.) period.
TABLE 12
THE TOTAL CAN G L10 SIDE - NANA CONTENT OF THE DIFFERENT PARTS
OF THE BRAIN OF CONTROL PIGS (mg/part)
Values are the averages and the ranges are given in parantheses.
Number of
Animals . Age Forebrain Cerebellum Brainstem Wholebrain
3 93 days of 7.15 0.374 0.380 ' 7.90
gestation (6.76-7.71) (0.339-0.415) (0.367-0.399) (7.52-8.41)
(foetus)
2 104 days of 11.46- 0.697 0.882 13.04
gestation (11.10,11.82) (0.595,0.800) (0.842,0.922) (12.54,13.54)
(foetus)
4 newborn 16.98 1.38 . 1.41 19.57
(16.03-18.26) (1.31-1.55) (1.38-1.46) . (18.66-20.36)
4 2 weeks 17.84 1.69 1.51 21.04
(16.81-18.94) (1.60-1.74) (1.45-1.69) (19.94-22.10)
2 5 weeks 16.87 2.18 1.63 20.68
(16.44,17.30) (2.18,2.19) (1.44,1.82) (18.06,21.30)
2 7 weeks 17.46 3.01 ' 2.17 22.65
(17.45,17.47) (2.91,3.12) (2.04,2.31) (22.63,22.67)
2 9 weeks ' 20.71 3.84- 2.21 26:76
(20.25,21.18) (3.65,4.04) (2.16,2.25) (26.45,27.08)
3 5 months 44.39 " 4.46 2.02 50.87
(43.09-45.40) (4.39-4.73) (1.94-2.12) (49.48-51.62)
3 12 months 40.91 4.42 2.03 47.36
(37.50-45.12) .
3 16 months 42.25 4.22 2.26 48.71
(38.97-44.89) (3.87-4.47) (1.93-2.25) (45.22-50.96)
4 30 months 52.69 4.21 2.53 59.43
(48.33-59.32) (4.07-4.40) (2.39-2.81) (55.12-66.32)
TABLE 13
THE TOTAL GANGLIO SIDE-NANA CONTENT OF THE DIFFERENT PARTS
OF THE. BRAIN OF MALNOURISHED AND REHABILITATED PIGS (mg/part)
Values are the averages and the ranges are given in parantheses.
Number of
Animals Age Forebrain Cerebellum Brainstem Wholebrain
RUNTS
1 104 days of 8.74 0.567 0.778 10.08
gestation 
(foetus)
4 newborn 14.41 1.20 1.06 16.66
(13.73-14.84) (1.19-1.25) (0.97-1.27) (16.06-17.29)
CALORIE DEFICIENT .
10 12 months 36.65 2.83 2.10 41.58
(±2.1) ' (±0.06) (±0.06) (±2.3)
PROTEIN DEFICIENT
10 12 months 37.81 3.78 2.41 44.00’
(±2.0) (±0.10) (±0.14) (±2.2)
REHABILITATED*
3 18 months 41.28 3.64 2.56 47.49
Prot. Def. (36.84-45.03) (3.28-3.91) (2.31-3.00) (42.50-51.09)
3 28 months 45.82 3.80 2.29 51.91
Prot. Def. (41.03-49.36) (3.72-3.95) (2.08-2.44) (47.30-55.54)
2 18 months 49.44 • 3.81 2.17 55.42
Cal. Def. (48.82,50.15) -(3.69,3.93) (2.14,2.19) (54.94,55.98)
2 ’ 19 months . 41.36 3.29 1.95 46.59
Cal. Def. (40.50,42.22)
2 28 months 44.60 4.20 2.14 50.94
Cal. Def. (40.85,48.51) (3.70,4.71) (1.97,2.32) (46.54,55.54)
1 35 months 43.94 4.47 3.40 52.08
Cal. Def.
* Rehabilitation started 12 months after Protein Deficiency (Prot. Def.) 
or Calorie Deficiency (Cal. Def.) period.
TABLE 14
THE GANGLIOSIDE CONCENTRATION IN THE BRAINS OF NORMAL 
RATS AT DIFFERENT AGES (yg NANA/g wet weight)
Each value is the meant S.E.M. of 5 determinations on 
5 separate brain parts.
Age in month . Forebrain Cerebellum Brainstem
1 476 485 500
(±12) (±8) (±5)
2 405 538 490
(±6) (±8) (±11)
3 364 485 462
(±5) (±6) (±8)
6 720 417 317
(±6) (±7) (±3)
9 762 383 307
(±5) (±9) (±9)
17* 723 393 269
(711-747) (383-402) (243-290)
27 724 359 244
(±6) (±7) (±7)
* There were 3 animals in this group; the values for these animals 
are averages and ranges are shown in parantheses.
TABLE 15
THE GANGLIOSIDE CONTENT OF TIE BRAINS OF NORMAL RATS 
AT DIFFERENT AGES (yg NANA/brain part)
Each value is the meant S.E.M. of 5 deteiminations on 
• . 5 separate brain parts.
Age in month Forebrain Cerebellum Brainstem
1 500 102 120
(±4) (±4) (±3)
488 140 157
(+10) (±5) (±4)
512 ' 152 190
(±9) (±5) (±7)
820 108 109
(±10) * • (±5) (±2)
972 122 129
(±11) . (±8) (±7)
17* 1040 138 92
(973-1103) (128-145) .,(90-94)
27 894 104 103
(±6) (±1) (±4)
* There were 3 animals in this group; the values for these animals 
are averages and ranges are shown- in parantheses.
TABLE 16
PERCENT DISTRIBUTION OF TIE MAJOR GANGLIOSIDES-NANA IN TIE
FOREBRAIN OF TIE NORMAL RATS AT DIFFERENT AGES
Each value is the meant S.E.M. for 5 separately studied animals.
Age G2 G3 G4
1 day 55.0 11.4 27.3 6.5
(±2.6) (±0.8) (±1.4) (±0.3
7 n 34.0 12.4 49.0 4.5
(±2.0) (±0.8) (±2.4) (±0.2
15 " 34.8 21.7 ' 38.0 5.6
(±1.9) (±0.9) (±2.1) (±0.2
21 n 35.3 * 14.3 46.2 • 4.3
(±2.1) (±1.1) (±2.3) (±0.3
1 month 37.9 16.6 37.0 8.6
(±2.0) (±1.2) ‘(±1.9) (±0.6
2 " . 39.7 18.7 37.6 4.5
(±2.1) (±1.2) (±1.8) (±0.4
3 " 36.2 17.7 35.6 10.7
(±2.2) (±1.3) (±2.1) (±0.7.
6 " . ' 40.1 23.8 32.1 4.1
(±2.3) (±1.1) (±2.0)' (±0.3
9 n 40.8 23.1 32.8 3.8
. (±2.3) (±1.2) (±2.0) (±0.3
17* n 34.7 21.7 35.2 8.4
(±2.1) (±1.6) (±2.0) ^ (±0.5
27 " 35.4 19.4 33.9 11.3
(±1.9) (±1.1) (±1.9) (±0.6
* There, were 3 animals in this group.
TABLE 17
PERCENT DISTRIBUTION OF THE MAJOR GANGLIOSIDES-NANA IN THE
CEREBELLUM OF THE NORMAL RATS AT DIFFERENT AGES
Each value is the meant S.E.M. for 5 separately studied animals.
Age G1 G2 G3 G4
1 day . 56.7 15.2 28.3
(±2.4) (±1.5) (±1.5)
7 " 40.0
(±2.0)
15.0
(±1.1)
45.0
(±1.9)
15 " 48.0 17.8 • 34.0
(±2.1) (±1.0) .(±2.0)
21 " 43.0 17.6 28.8 9.7
(±2.0) (±0.8) (±1.2) (±0.6)
1 month 48.2 20.2 28.0 2.5
(±1.8) (±0.9) (±1.1) (±0.1)
2 " 48.0 19.9 30.0 2.6
(±2.0) (±0.8) (±1.2) - (±0.1)
3 ' n 46.7 21.1 29.2 3.1
(±2.1) (±1.0) (±1.2) (±0.2)
6 M 52.7 21.2 22.6 4.1
. (±2.1) (±1.1) (±1.1) (±0.2)
9 " 50.1 23.7 24.8 3.1
(±2.2) (±0.8) (±0.8) , (±0.1)
17* M 49.2 20.9 20.8 9.2 '
(±2.2) (±0.8) (±0.7) (±0.4)
27 n 39.5 24.3 25.3 10.6
(±1.7) (±0.9) (±1.1) (±0.5)
* There were 3 animals in this group.
TABLE 18
PERCENT DISTRIBUTION OF THE. MAJOR GANGLIOSIDE-NANA IN THE
BRAINSTEM OF THE NORMAL RATS AT DIFFERENT AGES
Each value is the meant S.E.M. for 5 separately studied animals.
Age G1 G2 G3 G4
1 day 19.8 44.4 32.0 3.5
(±1.0) (±2.1) (±1.2) (±0.2)
7 " > 30.2 29.4 37.4 3.0
' (±1.4) (±1.2) (±1.7) (±0.1)
15 " 45.6 17.7 34.4 2.2
(±2.1) (±0.9) (±1.8) (±0.1)
21 " . 37.4 34.3 25.3 3.2
(±2.0) (±1.9)" (±1.3) (±0.1)
1 month 36.7 .37.8 21.7 4.3
. (±1.3) (±2.0) (±0.9) • (±0.2)
2 M 36.5 38.1 20.0 6.4
(±1.7) (±1.9) (±0.9) (±0.2)
3 " 43.0 34.0 17.3 5.5
(±2.2) (±1.4) (±1.2) (±0.3)
6 " 37.2 37.2 22.3 3.9
(±2.0) (±1.3) (±1.3) (±0.2)
9 ” 38.5 31.4 23.9 6.7
(±2.1) (±1.4) (±1.0) (±0.4)
j y *  t i ' 36.9 33.2 24.4 5.6
(±2.0) (±1.5) (±1.1) (±0.3)
27 " 45.0 20.9 20.9 13.2
(±2.3) •(±0.8) (±1.0) (±0.6)
* There were 3 animals in this group.
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